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ABSTRACT
The main objective of this research project was to investigate the 
suitability of the silicon photodiode as a light sensor for scintillation 
detection of ionising radiation. The work was carried out as a 
collaborative project with Fisher Controls Ltd. of Lewisham, London. The 
type of instrument originally envisaged by Fisher would be particularly 
applicable to measurement of gamma-ray dose rates.
During the course of the research, it was found that some modern 
silicon photodiodes are very effective as direct semiconductor detectors 
for both charged particles, and also for photons in the energy range 8 - 
140 keV. A summary of this section of the work was published (600DA and 
GILBOY, 1987) and has generated considerable interest in the subject. An 
associated medical physics project in Denmark was developed on the basis of 
these observations.
The development of the photodiode as a scintillation light detector 
also proved highly successful. Using a CsI(Tl) scintillator and 
commercially available photodiodes, pulse height energy spectra rivalling 
those obtainable from conventional photomultipiier-NaI(Tl) assemblies were 
achieved. By comparing scintillation pulses with direct gamma absorption 
events in the photodiode, the light output of CsI(Tl) was determined to be 
significantly higher than that of Nal(Tl), which is usually accepted as the 
most efficient scintillator at room temperature. The detector assembly 
developed was successfully employed in the acquisition of data for a gamma 
ray transmission computer tomography system. A gamma dose rate instrument 
based on the Csl(T1)-photodiode combination is also clearly feasible, but 
more work needs to be done to ascertain the range and sensitivity of this 
device.
In addition to the developmental side of the project, some 
investigations were made into scintillation pulse shapes induced by gamma 
rays and alpha particles in CsI(Tl), with particular attention paid to 
afterglow. The Bol1inger-Thomas method employed was modified by the 
inclusion of a spectrophotometer to investigate the wavelength dependence 
of pulse shapes.
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CHAPTER 1
I N T R O D U C T I O N
S c i n t i l l a t i o n  c o u n t i n g  h a s  b e e n  a n  i m p o r t a n t  m e t h o d  f o r  d e t e c t i o n  o f  
i o n i s i n g  r a d i a t i o n  f o r  a b o u t  8 0  y e a r s .  T h e  f i r s t  s u c h  s y s t e m s  c o n s i s t e d  o f  
a  z i n c  s u l p h i d e  s c r e e n  w i t h  w h i c h  u n f o r t u n a t e  r e s e a r c h  s t u d e n t s  w e r e  
r e q u i r e d  t o  c o u n t  t h e  l i g h t  f l a s h e s  b y  e y e .  T h e  d i s a d v a n t a g e s  o f  t h i s  
s y s t e m ,  s u c h  a s  s e n s i t i v i t y  o n l y  t o  h e a v y  c h a r g e d  p a r t i c l e s  l a c k  o f  e n e r g y  
i n f o r m a t i o n ,  l o w  c o u n t  r a t e  l i m i t a t i o n s  e t c . ,  a r e  o b v i o u s  t o  t h e  m o d e r n  
p h y s i c i s t ,  b u t  m u c h  i m p o r t a n t  w o r k  w a s  n e v e r t h e l e s s  p e r f o r m e d  u s i n g  t h i s  
m e t h o d .  T h e  m o s t  f a m o u s  e a r l y  u s e  o f  t h i s  t e c h n i q u e  w a s  i n  a l p h a  
s c a t t e r i n g  m e a s u r e m e n t s ,  w h i c h  l e d  t o  t h e  d i s c o v e r y  o f  t h e  a t o m i c  n u c l e u s  
b y  R U T H E RF OR D  ( 1 9 1 1 ) .  T h e  n e x t  s t e p  f o r w a r d  w a s  m a d e  m a n y  y e a r s  l a t e r  b y  
K RE B S  ( 1 9 4 1 ) ,  w h o  u s e d  a  p h o t o s e n s i t i v e  G e i g e r - M u l l e r  c o u n t e r  t o  d e t e c t  t h e  
l i g h t  f l a s h e s .  B u t  b y  f a r  t h e  m o s t  i m p o r t a n t  a d v a n c e  c a m e  w i t h  t h e  
d e v e l o p m e n t  o f  p h o t o m u l t i p l i e r  t u b e s ,  t h e  f i r s t  a p p l i c a t i o n  o f  w h i c h  t o  
s c i n t i l l a t i o n  c o u n t i n g  w a s  b y  CURRA N a n d  BAKE R ( 1 9 4 8 ) .  COLTMAN a n d  
M A R S HA L L ( 1 9 4 7 )  w e r e  t h e  f i r s t  t o  r e p o r t  t h e  c o u n t i n g  o f  l i g h t l y  i o n i s i n g  
r a d i a t i o n s ,  i n c l u d i n g  X - r a y s  a n d  g a m m a - r a y s .
T h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s  i s  p r i m a r i l y  a i m e d  t o w a r d s  
e v a l u a t i n g  a n  a l t e r n a t i v e  t o  p h o t o m u l t i p l i e r  t u b e s  w h i c h  h a s  m a n y  p o t e n t i a l  
a d v a n t a g e s ,  n a m e l y  t h e  s i l i c o n  p h o t o d i o d e .
1 * 1  P H O T O D I O D E S  V E R S U S  P H O T O M U L T I P L I E R  T U B E S
T h e  p o s s i b i l i t y  o f  r e p l a c i n g  t h e  n o w  a l m o s t  u n i v e r s a l l y  u s e d  p h o t o ­
m u l t i p l i e r  t u b e  w i t h  s o l i d  s t a t e  s i l i c o n  p h o t o d i o d e s  i n  s c i n t i l l a t i o n  
c o u n t e r s  i s  n o t  a  n e w  i d e a .  T h e  i n i t i a l  w o r k  o n  t h i s  t y p e  o f  d e t e c t o r
-  1  -
s y s t e m  w a s  c a r r i e d  o u t  m o r e  t h a n  t w e n t y  y e a r s  a g o  ( T U Z Z O L I N O  1 9 6 2 ,  B L A M I R E S  
1 9 6 3 ,  FAN 1 9 6 4 ) .  F o l l o w i n g  t h i s  e a r l y  w o r k  v e r y  l i t t l e  r e s e a r c h  o n  
s c i n t i l l a t i o n  d e t e c t o r s  u s i n g  p h o t o d i o d e s  h a s  b e e n  r e p o r t e d  i n  t h e  p e r i o d  
1 9 7 0  t o  1 9 8 3 ,  a l t h o u g h  t h e  p o t e n t i a l  a d v a n t a g e s  o f  s u c h  d e v i c e s  r e m a i n e d  
c l e a r .  M o d e r n  s o l i d  s t a t e  p h o t o d i o d e s  s h o w  s u b s t a n t i a l  p e r f o r m a n c e  
i m p r o v e m e n t s  c o m p a r e d  w i t h  e a r l i e r  d e v i c e s ,  a n d  t h u s  m e r i t  a  r e a p p r a i s a l  o f  
t h e i r  u s e f u l n e s s  i n  t h e  d e t e c t i o n  o f  i o n i s i n g  r a d i a t i o n .
I n  r a d i a t i o n  s p e c t r o s c o p y  t h e  c o n v e n t i o n a l  p h o t o m u l t i p l i e r -  
s c i n t i l l a t o r  c o m b i n a t i o n  g i v e s  r i s e  t o  d e t e c t o r s  o f  h i g h  e f f i c i e n c y  a n d  
m o d e r a t e  e n e r g y  r e s o l u t i o n ;  a  t y p i c a l  p h o t o m u l t i p l i e r  t u b e  c o u p l e d  t o  a  
N a l ( T l )  s c i n t i l l a t o r  c r y s t a l  w i l l  g i v e  a n  e n e r g y  r e s o l u t i o n  o f  a b o u t  1%
FWHM ( F u l l  W i d t h  H a l f  M a x i m u m )  f o r  6 6 2  k e V  g a m m a  r a y s  f r o m  * 3 7 C s  ( K N O L L ,  
1 9 7 9 ) .  A s  a  r e s u l t  t h i s  h a s  b e c o m e  a  v e r y  p o p u l a r  c h o i c e  f o r  a  w i d e  r a n g e  
o f  a p p l i c a t i o n s .  I n  r e c e n t  y e a r s ,  h o w e v e r ,  a s  t h e  u s e s  f o r  s c i n t i l l a t i o n  
d e t e c t o r s  i n c r e a s e  i n  n u m b e r ,  h i g h  t e c h n o l o g y  f i e l d s  a r e  m a k i n g  m o r e  
s t r i n g e n t  d e m a n d s  o n  t h e  s i z e ,  w e i g h t ,  c o s t  a n d  r u g g e d n e s s  o f  d e t e c t o r  
s y s t e m s ,  a n d  t h e  p h y s i c a l  l i m i t a t i o n s  o f  v a c u u m  t u b e  p h o t o m u l t i p l i e r s  h a v e  
b e c o m e  a  s e v e r e  h a n d i c a p .  L i s t e d  b e l o w  i s  a  c o m p a r i s o n  b e t w e e n  t h e  
p r o p e r t i e s  o f  p h o t o m u l t i p l i e r s  a n d  p h o t o d i o d e s  w i t h  r e s p e c t  t o  
s c i n t i l l a t i o n  c o u n t i n g .
i )  E x c e s s i v e  b u l k  -  a  t y p i c a l  p h o t o m u l t i p l i e r  i s  a b o u t  1 5 0  t o  3 0 0
mm l o n g ,  a b o u t  5 0  t o  8 0  mm i n  d i a m e t e r  a n d  c a n  w e i g h  u p  t o  2  k g .
A p h o t o d i o d e  w i t h  1 0 0  mm s e n s i t i v e  a r e a  h a s  o v e r a l l  d i m e n s i o n s  o f  1 5  
x  1 2  x  2  ( m m )  a n d  w e i g h s  o n l y  a  f e w  g r a m m e s .  T h i s  s a v i n g  i n  s i z e  
a n d  w e i g h t  i s  i m p o r t a n t  i n  s u c h  a r e a s  a s  i m a g i n g  s y s t e m s  ( b o t h  
m e d i c a l  a n d  i n d u s t r i a l  w h e r e  l a r g e  c o l l i m a t e d  o r  s h i e l d e d  a r r a y s  o f  
d e t e c t o r s  a r e  r e q u i r e d ) ,  p o r t a b l e  i n s t r u m e n t a t i o n ,  r e m o t e  s e n s i n g ,  
a n d  s a t e l l i t e  i n  s p a c e  a p p l i c a t i o n s  w h e r e  t h e s e  t w o  f a c t o r s  a r e  a t  a  
p r e m i u m .  S m a l l e r  p h o t o m u l t i p l i e r s  a r e  n o w  c o m m e r c i a l l y  a v a i l a b l e
-  2  -
( H A M A M A T S U ,  1 9 8 4 )  o f  1 2  mm d i a m e t e r ,  a l t h o u g h  t h e y  a r e  s t i l l  o v e r  
1 0 0  mm i n  l e n g t h .
i i )  E x t e r n a l  m a g n e t i c  f i e l d s  m a y  d e f l e c t  e l e c t r o n s  i n s i d e  a
p h o t o m u l t i p l i e r  t u b e  a n d  t h u s  a f f e c t  i t s  p e r f o r m a n c e  w h e r e a s  a n  
a p p r o p r i a t e l y  m o u n t e d  p h o t o d i o d e  m a y  b e  p l a c e d  i n  v e r y  h i g h  f l u x e s  
w i t h o u t  d e g r a d a t i o n  ( B I A N  e t  a l . ,  1 9 8 5 ) .  T h i s  m a k e s  t h e m  v e r y  
s u i t a b l e  f o r  u s e  i n  h i g h  e n e r g y  p h y s i c s  w h e r e  l a r g e  m a g n e t i c  f i e l d s  
a b o u n d .
i i i )  A f a i r l y  s u b s t a n t i a l  p o w e r  s u p p l y  i s  r e q u i r e d  b y  t h e  p h o t o m u l t i p l i e r ;
o v e r a l l  o p e r a t i n g  v o l t a g e s  i n  t h e  r a n g e  8 0 0  -  2 0 0 0  V a r e  t y p i c a l ,  a t  
a  p e a k  c u r r e n t  o f  s o m e  t e n s  o f  m i  H i  a m p s ,  w h i c h  m e a n s  t h a t  a  
m a i n s - 1 i n k e d  s u p p l y  i s  u s u a l l y  n e c e s s a r y  ( K N O L L  1 9 7 9 ) .  S i n c e  t h e  
g a i n  o f  a  p h o t o m u l t i p l i e r  i s  a  s e n s i t i v e  f u n c t i o n  o f  o v e r a l l  v o l t a g e  
( ) ,  e v e n  s m a l l  f l u c t u a t i o n s  i n  s u p p l y  v o l t a g e  m a y  c h a n g e  t h e  
g a i n  u n a c c e p t a b l y  a n d  c o n s e q u e n t l y  d e g r a d e  t h e  d e t e c t o r  r e s o l u t i o n  
s o  t h a t  e x p e n s i v e  h i g h l y  s t a b i l i s e d  s u p p l i e s  a r e  r e q u i r e d .  I n  
c o n t r a s t ,  t h e  m o d e r n  p h o t o d i o d e  r e q u i r e s  a  f e w  t e n s  o f  v o l t s ,  h a s  a
d a r k  c u r r e n t  o f  a  f e w  n a n o a m p s ,  a n d  i s  l a r g e l y  i n s e n s i t i v e  t o  a n y
b i a s  v o l t a g e  f l u c t u a t i o n s  a s  i t  i s  a  u n i t  g a i n  d e v i c e .  T h e s e  p o w e r
r e q u i r e m e n t s  c a n  b e  c o n v e n i e n t l y  s u p p l i e d  b y  a  s m a l l  b a t t e r y  f o r
p o r t a b l e  d e t e c t o r s ,  a n d  i n  l a b o r a t o r y  e q u i p m e n t  t h e  b i a s  p o t e n t i a l  
c a n  b e  r e a d i l y  t a k e n  f r o m  t h e  l o w  v o l t a g e  s u p p l i e s  i n  t h e  a s s o c i a t e d  
m a i n  s h a p i n g  a m p l i f i e r .  M a n y  n e w  a p p l i c a t i o n s  i n  h a z a r d o u s  
l o c a t i o n s  s u c h  a s  c h e m i c a l  p l a n t s  a n d  c o a l  m i n e s  r e q u i r e  
' i n t r i n s i c a l l y  s a f e '  i n s t r u m e n t a t i o n ,  a n d  h i g h  v o l t a g e s  a r e  t o  b e  
a v o i d e d  w h e r e  e v e r  p o s s i b l e .
i v )  D u e  t o  t h e i r  i n t r i n s i c  s i m p l i c i t y  a n d  t h e i r  s u i t a b i l i t y  f o r  m a s s
p r o d u c t i o n ,  t h e  c o s t  o f  m o s t  p h o t o d i o d e s  i s  m e a s u r e d  i n  t e n s  o f  
p o u n d s ,  w h i l e  t h a t  o f  p h o t o m u l t i p l i e r s  i s  i n  t h e  h u n d r e d s  o f  p o u n d s .
- 3 -
E v e n  t h e  s m a l l  p h o t o m u l t i p l i e r s  m e n t i o n e d  a b o v e  c u r r e n t l y  c o s t  a b o u t  
£ 1 3 0 .
v )  A n  i m p o r t a n t  a d v a n t a g e  o f  t h e  p h o t o m u l t i p l i e r  i s  t h a t  i t  h a s  a
O
l a r g e  a v a i l a b l e  i n t e r n a l  g a i n  ( u p  t o  'vT 0  ) w h i c h  s i m p l i f i e s  t h e  
e l e c t r o n i c s  n e e d e d  f o r  a n a l y s i s  o f  t h e  o u t p u t ,  w h e r e a s  t h e  v e r y  
s m a l l  s i g n a l s  f r o m  a  p h o t o d i o d e  r e q u i r e  f a i r l y  e x p e n s i v e  l o w  n o i s e  
p r e a m p l i f i e r s  i n  o r d e r  t o  c a p i t a l i s e  o n  t h e  p h o t o d i o d e ' s  u n i q u e  
c h a r a c t e r i s t i c s ,  a n d  t h i s  c a n  r e d u c e  t h e  o v e r a l l  c o s t  a d v a n t a g e .
1 - 2  P R I N C I P A L  A I M S  OF  T H I S  R E S E A R C H
D e s p i t e  t h e  n u m e r o u s  a d v a n t a g e s  q u o t e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e r e  
a r e  s e v e r a l  p r o b l e m s  w h i c h  h a v e  t o  b e  i d e n t i f i e d  a n d  s o l v e d  i n  o r d e r  t o  
a c h i e v e  r e s u l t s  w h i c h  c a n  c o m p e t e  w i t h  t h e  p e r f o r m a n c e  o f  p h o t o m u l t i p l i e r  
t u b e s  o v e r  a  w i d e  r a n g e  o f  a p p l i c a t i o n s .
P r o b l e m  1 :  A v a i l a b i l i t y  o f  p h o t o d i o d e s  w i t h  a d e q u a t e  s i g n a l  t o  n o i s e
c h a r a c t e r i s t i c s  t o  e n a b l e  t h e  d e t e c t i o n  o f  s c i n t i l l a t i o n  e v e n t s  a b o v e  
s y s t e m  n o i s e .
P r o b l e m  2 :  A v a i l a b i l i t y  o f  s u i t a b l e  r e a d o u t  e l e c t r o n i c s  o p t i m i s e d  t o
t h e  c h a r a c t e r i s t i c s  o f  p h o t o d i o d e s ,  p r e f e r a b l y  a t  l o w  c o s t .
P r o b l e m  3 :  S e l e c t i o n  o f  s u i t a b l e  s c i n t i l l a t o r s  w i t h  h i g h  l i g h t  o u t p u t
a n d  g o o d  s p e c t r a l  m a t c h i n g  t o  c o m m e r c i a l l y  a v a i l a b l e  p h o t o d i o d e s .
P r o b l e m  4 :  O p t i m i s a t i o n  o f  t h e  l i g h t  t r a n s f e r  f r o m  t h e  c h o s e n
s c i n t i l l a t o r  t o  t h e  s e n s i t i v e  r e g i o n  o f  t h e  p h o t o d i o d e  w i t h o u t  d a m a g i n g  t h e
s u r f a c e  o f  t h e  d i o d e .
I t  w a s  t h e  p r i n c i p a l  a i m  o f  t h i s  r e s e a r c h  w o r k  t o  s o l v e  t h e  p r o b l e m s  
l i s t e d  a b o v e ,  a n d  t h e r e b y  t o  d e v e l o p  s o l i d  s t a t e  s c i n t i l l a t i o n  d e t e c t o r s  
s u i t a b l e  f o r  a  w i d e  v a r i e t y  o f  a p p l i c a t i o n s  a t  m o d e s t  c o s t .
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1.3 REVIEW OF PREVIOUS WORK
T h e  p r i n c i p a l  r e s u l t s  o f  r e s e a r c h  w o r k  p r i o r  t o  1 9 8 2  i n  t h i s  f i e l d  a r e  
s u m m a r i s e d  i n  t h e  t a b l e  b e l o w .
R E S E A R C H E R S C I N T I L L A T O R R A D I A T I O N R E S O L U T I O N  (FWHM%)
T U Z Z O L I N O ( 1 9 6 2 ) C s I ( T l ) 7 4  Me V p r o t o n s 2 2
B L A M I R E S ( 1 9 6 3 ) N a l ( T l ) 5 0  M e V  p r o t o n s 8
FAN ( 1 9 6 4 ) C s I ( T l ) 4 0  M e V  p r o t o n s 1 5
BATEMAN ( 1 9 6 9 a ) C s I ( T l ) 5 . 5  Me V a l p h a s 1 6
BATEMAN ( 1 9 6 9 a ) C s I ( T l ) 5 0  Me V p r o t o n s 4 . 2
BATEMAN ( 1 9 6 9 b ) C s I ( T l ) 5 0  Me V p r o t o n s 2
BATEMAN ( 1 9 6 9 b ) N E 1 0 3 5 0  Me V p r o t o n s 1 2
BATEMAN ( 1 9 6 9 c ) N E 1 0 8 5 0  M e V  p r o t o n s 1 0
K E I L ( 1 9 6 9 ) C s I ( T l ) 6 6 2  k e V  g a m m a s 1 9
T A B L E  1 . 1  -  P u b l i s h e d  r e s e a r c h  p r i o r  t o  1 9 8 2
M o s t  o f  t h e  r e s u l t s  i n d i c a t e d  t h a t  t h e s e  e a r l i e r  
s c i n t i l l a t o r - p h o t o d i o d e  c o m b i n a t i o n s  w e r e  u n l i k e l y  t o  h a v e  a  w i d e  r a n g e  o f  
u s e f u l n e s s  o u t s i d e  h i g h  e n e r g y  p h y s i c s ,  o r  f o r  s i m p l e  m o n i t o r i n g  
i n s t r u m e n t s .
I n  m o r e  r e c e n t  t i m e s ,  a s  d e s c r i b e d  i n  l a t e r  c h a p t e r s ,  t h e  a v a i l a b i l i t y  
o f  m u c h  p u r e r  s i l i c o n  a n d  i m p r o v e d  c o n s t r u c t i o n  t e c h n i q u e s  h a s  e n a b l e d  
m a n u f a c t u r e r s  t o  m a s s - p r o d u c e  l o w  c o s t  d i o d e s  w i t h  f a r  b e t t e r  n o i s e  
c h a r a c t e r i s t i c s  t h a n  t h o s e  u s e d  i n  t h e  a b o v e  s t u d i e s .  M a n y  o f  t h e  r e s u l t s  
p r e s e n t e d  i n  t h i s  w o r k  a r e  i n  s o m e  p a r t  a t t r i b u t a b l e  t o  t h i s  f a c t .
T h e  c h r o n o l o g i c a l  o r d e r  i n  w h i c h  t h i s  w o r k  w a s  p e r f o r m e d  i s  r e f l e c t e d  
i n  t h e  o r d e r  i t  i s  p r e s e n t e d  i n  t h i s  t h e s i s .  E a c h  s e c t i o n  s e e m e d  l o g i c a l l y  
t o  f o l l o w  o n  f r o m  t h e  o n e  p r e v i o u s  i n  t h e  p r o c e s s  o f  a r r i v i n g  a t  t h e  
d e s i r e d  r e s u l t .  T h e  m a n n e r  i n  w h i c h  t h i s  o c c u r r e d  i s  d e s c r i b e d  i n  t h i s  
s e c t i o n .  A s  e x c e p t i o n s  t o  t h i s ,  c h a p t e r s  2  a n d  3  r e p r e s e n t  s t u d i e s  u n d e r ­
t a k e n  a t  a p p r o x i m a t e l y  t h e  s a m e  t i m e ,  t o g e t h e r  w i t h  s o m e  o f  t h e  i n i t i a l  
c o n s i d e r a t i o n s  o f  c h a p t e r  5 .
C h a p t e r  2  i s  d e v o t e d  t o  a  l a r g e l y  t h e o r e t i c a l  d i s c u s s i o n  o f  t h e
e l e c t r o n i c  n o i s e  i n  d i o d e  d e t e c t i o n  s y s t e m s ,  a n  a p p r e c i a t i o n  o f  w h i c h  i s  
n e c e s s a r y  w h e n  d e t e r m i n i n g  w h i c h  p h o t o d i o d e s  w i l l  b e  s u i t a b l e  f o r  r a d i a t i o n  
d e t e c t i o n .  T h i s  i s  a l s o  u s e f u l  w h e n  p r e d i c t i n g  t h e  p e r f o r m a n c e  o f  a n y  
g i v e n  d e t e c t i o n  s y s t e m  a n d  i n  a r r i v i n g  a t  o p t i m a l  o p e r a t i n g  c o n d i t i o n s .
T h e  n e x t  c h a p t e r  e x p l a i n s  h o w  p h o t o d i o d e s  a r e  o p e r a t e d ,  a n d  d e s c r i b e s
t h e  i m p o r t a n c e  o f  t h e  v a r i o u s  d i o d e  c h a r a c t e r i s t i c s  w i t h  r e s p e c t  t o  n o i s e
a n d  l i g h t  c o l l e c t i o n  e f f i c i e n c y .  P h o t o d i o d e s  o f  t y p e s  n o t  t e s t e d  i n  t h i s  
w o r k  a r e  a l s o  b r i e f l y  c o n s i d e r e d .
A s  a  p r e l u d e  t o  t h e  o r i g i n a l  s c i n t i l l a t i o n  c o u n t i n g  o b j e c t i v e s  o f  t h i s  
p r o j e c t ,  s o m e  p h o t o d i o d e s  w e r e  t e s t e d  a s  ' d i r e c t '  d e t e c t o r s  o f  r a d i a t i o n ;  
b o t h  c h a r g e d  p a r t i c l e  a n d  l o w  e n e r g y  p h o t o n  s p e c t r o m e t r y  w e r e  p e r f o r m e d .
T h e  r e s u l t s  o f  t h e s e  t e s t s  a r e  g i v e n  i n  c h a p t e r  4 .
T h e  c h o i c e  o f  s c i n t i l l a t o r s  i s  d e s c r i b e d  i n  c h a p t e r  5 ,  a l o n g  w i t h  
c o n s i d e r a t i o n s  o f  l i g h t  c o l l e c t i o n  a n d  o p t i c a l  c o u p l i n g .  A  c o m p r e h e n s i v e  
r e p o r t  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  s c i n t i l l a t o r  c o n f i g u r a t i o n s  u s e d  i s  
p r e s e n t e d  i n  c h a p t e r  6 ,  w h i c h  a l s o  i n c l u d e s  a  d e s c r i p t i o n  o f  s o m e  
a p p l i c a t i o n s  o f  t h i s  t y p e  o f  d e t e c t o r .  S o m e  t e s t s  w e r e  a l s o  c a r r i e d  o u t  t o  
d e t e r m i n e  t h e i r  u s e f u l n e s s  f o r  e x p o s u r e  m e a s u r e m e n t s ,  o p e r a t i n g  i n  t h e  DC 
m o d e .  C h a p t e r  7  c o m p r i s e s  a n  i n v e s t i g a t i o n  i n t o  s o m e  o f  t h e  l e s s  w e l l  
k n o w n  p r o p e r t i e s  o f  C s I ( T l ) ,  w h i c h  t u r n e d  o u t  t o  b e  t h e  p r i n c i p a l  
s c i n t i l l a t o r  u s e d  i n  t h i s  p r o j e c t .
1.3 TOPICS COVERED IN THIS WORK
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CHAPTER 2
N O I S E  A N D  D E T E C T O R  E L E C T R O N I C S
Vl
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E l e c t r o n i c  n o i s e  r e p r e s e n t s  a n  i m p o r t a n t  l i m i t a t i o n  i n  m a n y  d e t e c t o r  
s y s t e m s ,  a n d  i t s  i n e v i t a b l e  p r e s e n c e  i n  a  s y s t e m  o f t e n  d e t e r m i n e s  h o w  w e l l  
t h a t  s y s t e m  w i l l  p e r f o r m  i n  t e r m s  o f  e n e r g y  r e s o l u t i o n ,  a n d  a l s o  s e t s  t h e  
l o w e r  l i m i t  t o  t h e  s i z e  o f  t h e  s m a l l e s t  d e t e c t a b l e  g e n u i n e  s i g n a l .  I n  t h e  
p r e s e n t  c o n t e x t  i t  i s  a p p r o p r i a t e  t o  e x a m i n e  t h e  s o u r c e s  o f  n o i s e  p r e s e n t  
i n  p h o t o d i o d e  s y s t e m s ,  i n  o r d e r  t o  p r e d i c t ,  a n d  h o p e f u l l y  o p t i m i s e  t h e i r  
p e r f o r m a n c e  a s  r a d i a t i o n  d e t e c t o r s .
2 . i  THE C O N C E P T  OF E Q U I V A L E N T  N O I S E  CHARGE ( E N C )
T h e  n o i s e  l e v e l  o f  a n y  s e m i c o n d u c t o r  d i o d e  d e t e c t i o n  s y s t e m  i s  o f t e n  
e x p r e s s e d  i n  t e r m s  o f  t h e  e q u i v a l e n t  e n e r g y  d e p o s i t i o n  b y  a  c h a r g e d  
p a r t i c l e  i n  t h e  d e t e c t o r .  I t  i s  m e a s u r e d  s i m p l y  b y  o b s e r v i n g  t h e  FWHM 
( f u l l  w i d t h  a t  h a l f  m a x i m u m )  o r  s t a n d a r d  d e v i a t i o n  o f  t h e  p u l s e  h e i g h t  
s p e c t r u m  o f  a  h i g h l y  s t a b l e  e l e c t r o n i c  p u l s e r ,  w h i c h  a p p l i e s  c o n s t a n t  
c h a r g e  p u l s e s  t o  t h e  i n p u t  o f  t h e  p r e a m p l i f i e r  w i t h  t h e  d i o d e  a t t a c h e d .
T h e  t w o  q u a n t i t i e s  a r e  r e l a t e d  b y  t h e  w e l l  k n o w n  f o r m u l a  ( a s s u m i n g  a  
G a u s s i a n  s h a p e d  p e a k ) ,
FWHM =  2 . 3 5  a
T h e  FWHM v a l u e  i s  t h e n  e x p r e s s e d  a s  t h e  p e r c e n t a g e  o f  t h e  p u l s e  
h e i g h t ,  a n d  c o n v e r t e d  t o  k e V  b y  m u l t i p l y i n g  b y  t h e  e n e r g y  r e q u i r e d  t o  
p r o d u c e  p u l s e s  o f  t h a t  a m p l i t u d e .
A m o r e  f u n d a m e n t a l  m e t h o d  i s  t o  u s e  t h e  a v e r a g e  e n e r g y  r e q u i r e d  t o  
c r e a t e  a n  e l e c t r o n - h o l e  p a i r  i n  t h e  s e m i c o n d u c t o r  t o  e x p r e s s  t h e  s t a n d a r d  
d e v i a t i o n  i n  t e r m s  o f  ' e l e c t r o n s '  ( e l e c t r o n - h o l e  p a i r s ,  s t r i c t l y  s p e a k i n g ) ,  
w h i c h  i s  e q u a l  t o  t h e  RMS.  ( r o o t  m e a n  s q u a r e )  v a l u e  o f  t h e  n o i s e .  T h e  v a l u e  
a r r i v e d  a t  a l s o  h a s  t o  b e  c o r r e c t e d  f o r  t h e  RMS d e v i a t i o n  o f  t h e  i n p u t  
s i g n a l .  I n  g e n e r a l ,  n o i s e  c o n t r i b u t i o n s  a r i s i n g  f r o m  i n d e p e n d e n t  s o u r c e s  
a d d  i n  q u a d r a t u r e ,  i . e .  t h e  t o t a l  v a r i a n c e  i s  e q u a l  t o  t h e  s u m  o f  t h e  
v a r i a n c e s  o f  i n d e p e n d e n t  s o u r c e s :
T o  s u m m a r i s e ,  t h e  ENC c a n  n o w  b e  d e f i n e d  f o r  a  s e m i c o n d u c t o r  d e t e c t o r  
s y s t e m  a s  t h a t  a m o u n t  o f  c h a r g e  w h i c h ,  i f  a p p l i e d  i n s t a n t a n e o u s l y  a t  t h e  
i n p u t  o f  a  p r e a m p ! i f i e r - a m p l i f i e r  c o m b i n a t i o n ,  g i v e s  r i s e  t o  a n  o u t p u t  
v o l t a g e  e q u a l  t o  t h e  RMS o u t p u t  v o l t a g e  d u e  o n l y  t o  n o i s e .  T h e  ENC m a y  b e  
e x p r e s s e d  i n  c o u l o m b s ,  o r  c a n  b e  c o n v e r t e d  t o  ' e l e c t r o n s ' .
2 . 2  CHARGE S E N S I T I V E  P R E A M P L I F I E R S
T h e  s i g n a l s  p r o d u c e d  b y  a  s e m i c o n d u c t o r  d e t e c t o r  w h e n  i t  i s  e x p o s e d  t o  
i o n i s i n g  r a d i a t i o n  o r  s c i n t i l l a t i o n  l i g h t  f l a s h e s  a r e  t o o  s m a l l  t o  b e  
r e c o r d e d  d i r e c t l y .  I t  i s  u n i v e r s a l l y  a c c e p t e d  t h a t  s u c h  t i n y  s i g n a l s  
( w h i c h  m a y  b e  o f  t h e  o r d e r  o f  a  f e w  t h o u s a n d  e l e c t r o n s )  a r e  b e s t  m e a s u r e d  
w i t h  t h e  a i d  o f  a  c h a r g e  s e n s i t i v e  p r e a m p l i f i e r .  A s i m p l i f i e d  d i a g r a m  o f  
s u c h  a  d e v i c e  i s  s h o w n  i n  f i g .  2 . 1 .  C h a r g e  s e n s i t i v e  p r e a m p l i f i e r s  a r e  
a v a i l a b l e  i n  t w o  c o n f i g u r a t i o n s ;  d . c .  c o u p l e d  a n d  a . c .  c o u p l e d .  F o r  t h e  
v e r y  b e s t  i n  r e s o l u t i o n ,  t h e  d . c .  c o u p l e d  v e r s i o n  i s  p r e f e r r e d ,  a s  t h e  
c o u p l i n g  c a p a c i t o r ,  C ,  w h i c h  b l o c k s  o f f  t h e  d e t e c t o r  b i a s  s u p p l y  f r o m  t h er
a m p l i f i e r ,  c a n  c a u s e  s o m e  d i s t o r t i o n  i n  t h e  o u t p u t  p u l s e .  I n  p r a c t i c e ,
-  8  -
F I G . 2.1. a.) A . C .  C o u p l e d  C h a r g e  S e n s i t i v e  P r e a m p l i f i e r .
F I G . 2.1. b.) P . C .  C o u p l e d  C h a r g e  S e n s i t i v e  P r e a m p l i f i e r .
R l —  L o a d  o r  " S h u n t *  R e s i s t o r  
R p  —  F e e d b a c k  R e s i s t o r  
C p  —  F e e d b a c k  C a p a c i t o r  
C p  —  B l o c k i n g  C a p a c i t o r  
V q  —  D e t e c t o r  B i a s  V o l t a g e  
D  —  D i o d e  D e t e c t o r  
A  —  A m p l i f i c a t i o n  S t a g e s
w h e r e  t h e  d e t e c t o r  i s  n o j t ,  p e r m a n e n t l y  f i x e d  t o  t h e  p r e a m p l i f i e r ,  t h e  a . c .
c o u p l e d  c o n f i g u r a t i o n  i s  m o r e  c o m m o n l y  u s e d .  T h e  p e r f o r m a n c e  o f  t h e  d . c .
c o u p l e d  d e v i c e  c a n  a l s o  b e  d e g r a d e d  d u e  t o  h i g h  o f f s e t  v o l t a g e s  i n  m o s t  
r o o m  t e m p e r a t u r e  a p p l i c a t i o n s ,  a s  d e s c r i b e d  b y  L E V I T  e t  a l  ( 1 9 8 5 ) .
I n  t h e  a . c .  c o u p l e c j ,  c a s e ,  t h e  c o u p l i n g  c a p a c i t o r  i s  u s u a l l y  m u c h  
l a r g e r  t h a n  t h e  d e t e c t o r  c a p a c i t a n c e  C p ,  a n d  s o  t h e  a m p l i f i e r  o n l y  ' s e e s ’
C p  s i n c e
J L  = J L  + J L
CT 0 T  C D C p
T h e  c h a r g e  p u l s e  f r o m  t h e  d e t e c t o r  c h a r g e s  u p  t h e  f e e d b a c k  c a p a c i t o r ,  
C p ,  w i t h  a  r i s e  t i m e  d e t e r m i n e d  b y  t h e  r i s e  t i m e  o f  t h e  o r i g i n a l  p u l s e  i n  
t h e  d e t e c t o r .  T h e  f e e d b a c k  c a p a c i t o r  t h e n  d i s c h a r g e s  a t  a  m u c h  s l o w e r  r a t e  
( t i m e  c o n s t a n t  R p  C p )  a n d  t h e  v o l t a g e
V = Q/Cp
i s  a m p l i f i e d  b y  t h e  f i r s t  s t a g e  o f  t h e  p r e a m p l i f i e r .  I n  m o s t  h i g h  p e r f o r m ­
a n c e  p r e a m p l i f i e r s ,  t h e  f i r s t  s t a g e  c o n s i s t s  o f  a n  F E T  ( f i e l d  e f f e c t  
t r a n s i s t o r ) .
B i p o l a r  t r a n s i s t o r s  m a y  a l s o  b e  u s e d ,  b u t  M A N F R E D I  a n d  R A G U SA  ( 1 9 8 5 )  
h a v e  s h o w n  t h a t  t h e i r  p e r f o r m a n c e  i s  m u c h  i n f e r i o r  t o  t h a t  o f  F E T ' s  e x c e p t  
a t  s h a p i n g  t i m e s  o f  l e s s  t h a n  5 0  n s .  C o n s e q u e n t l y ,  t h e i r  u s e  i s  l a r g e l y  
r e s t r i c t e d  t o  d i r e c t  d e t e c t i o n  s y s t e m s  w h e r e  f a s t  t i m i n g  o r  h i g h  c o u n t  
r a t e s  a r e  r e q u i r e d .
T h e  f o l l o w i n g  a n a l y s i s  a s s u m e s  t h e  u s e  o f  a  m a i n  s h a p i n g  a m p l i f i e r  i n  
c o n j u n c t i o n  w i t h  t h e  c h a r g e  s e n s i t i v e  p r e a m p l i f i e r .
- 9 -
2.3 THE FUNCTION OF THE FET GAIN STAGE
T h i s  s h o r t  s e c t i o n ' p r o v i d e s  s o m e  b a c k g r o u n d  i n f o r m a t i o n  o n  t h e  
c h a r a c t e r i s t i c s  a n d  f r e q u e n c y  r e s p o n s e  o f  t h e  f i e l d  e f f e c t  t r a n s i s t o r  
( F E T ) .
2 . 3 . 1  V - I  C H A R A C T E R I S T I C S  OF  AN F E T
T h e  c o n s t r u c t i o n  a n d  o p e r a t i o n  o f  t h e  F E T  i s  c o m p r e h e n s i v e l y  
d e s c r i b e d  b y  D EL A NE Y ( 1 9 8 0 ) ,  w h o  f o r m u l a t e s  t h e  V - I  b e h a v i o u r  a s
“ D = ( aVGs)tV(5S +(aC)tVp5
V D S VG S
w h e r e  I p  =  D r a i n  c u r r e n t
Vq <. =  G a t e - s o u r c e  v o l t a g e  
V D S  =  D r a i n - s o u r c e  v o l t a g e
T h i s  r e l a t i o n  g i v e s  t h e  s m a l l  c h a n g e  i n  d r a i n  c u r r e n t  d u e  t o  a n y  s m a l l  
c h a n g e  i n  g a t e  o r  d r a i n  v o l t a g e ,  f r o m  a n y  s t a r t i n g  p o i n t .  I t  c a n  a l s o  b e  
w r i t t e n  a s
* D  =  9 m VG S  +  g D VD S  ■ - • 2 . - 0
a n d  b o t h  g ^  ( k n o w n  a s  t h e  t r a n s c o n d u c t a n c e )  a n d  g D ( t h e  o u t p u t  c o n d u c t a n c e )
-1
o r  m e a s u r e d  i n  S i e m e n s  ( f o r m e r l y  o h m s  ) .  I n  p r a c t i c e ,  f o r  m o s t  o p e r a t i n g  
c o n d i t i o n s ,  g m i s  a b o u t  o n e  t h o u s a n d  t i m e s  l a r g e r  t h a n  g ^ ,  a n d  i s  t h u s  t h e  
m o s t  i m p o r t a n t  q u a n t i t y  w h e n  d e s c r i b i n g  a n  F E T .  I t  a l s o  d e t e r m i n e s  t h e
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g a i n  o f  t h e  F E T  w h e n  u s e d  i n  a n  a m p l i f i e r ,  a n d ,  a s  s h o w n  l a t e r ,  i s  
i m p o r t a n t  i n  n o i s e  c a l c u l a t i o n s .  T y p i c a l  v a l u e s  o f  t h e  t r a n s c o n d u c t a n c e  o f  
c o m m o n  F E T ' s  a r e  i n  t h e  r a n g e  2  -  2 0  m S .
2 . 3 . 2  FRE Q UE N C Y R E S P O N S E  O F  AN F E T  A M P L I F I E R  S T A G E
1 ■
I n  o r d e r  t o  c o n d u c t  a  f o r m a l  a n a l y s i s  o f  t h e  n o i s e ,  w e  n e e d  t o  
a c c o u n t  f o r  t h e  f r e q u e n c y  d e p e n d e n c e  o f  t h e  F E T  s t a g e  g a i n ,  w h i c h  i s  g i v e n  
b y  D E L A N E Y ( 1 9 8 0 )  a s  ( s e e  f i g .  2 . 2 ) .
A W
A ( w )  =  —   j r - ? - ---------------------------o - r  . . .  2 . 1
WL 1 +  ( W / W u ) 2 } 2 1  +  ( W / W L r | 2
w h e r e  A ( W )  =  s i n g l e  s t a g e  g a i n  a t  a n y  f r e q u e n c y
A q  =  m i d b a n d  g a i n  o f  t h e  s t a g e
W =  a n g u l a r  f r e q u e n c y
W^ = u p p e r  f r e q u e n c y  h a l f - p o w e r  v a l u e
W^ =  l o w e r  f r e q u e n c y  h a l f - p o w e r  v a l u e .
T h e  q u a n t i t y  Wu -  W^ i s  d e f i n e d  a s  t h e  b a n d w i d t h  o f  t h e  s t a g e .
W h e n  w o r k i n g  o u t  t h e  a b s o l u t e  v a l u e s  o f  t h e  n o i s e  s o u r c e s  d e s c r i b e d
l a t e r ,  w e  n e e d  t o  m u l t i p l y  t h e  c o n t r i b u t i o n  i n  e a c h  f r e q u e n c y  i n t e r v a l  b y  
t h e  f r e q u e n c y  r e s p o n s e  o f  t h e  a m p l i f i e r ,  a n d  i n t e g r a t e  o v e r  a l l  W.  T h i s
r e s p o n s e  f u n c t i o n  w i l l  b e  c a l l e d  f ( W ) ,  a n d  d e f i n e d  a s
f ( W )  =  A ( W ) 2  . . .  2 . 2
s i n c e  w e  w i l l  b e  d e a l i n g  w i t h  m e a n  s q u a r e  v o l t a g e s .
T h e  f u l l  e x p r e s s i o n  f o r  f ( W )  m a y  b e  s i m p l i f i e d  b y  a s s u m i n g  a  
s y m m e t r i c a l  o u t p u t  p u l s e  f r o m  t h e  m a i n  a m p l i f i e r  d e s c r i b e d  b y  a  t i m e
-  1 1  -
G a i n  (  A  )
i
»
F I G .  2. 2. F r e q u e n c y  R e s p o n s e  o f  F.E.T. A m p l i f i c a t i o n  S t a g e
i
>
,*• c*
, * >
c o n s t a n t  r  w h i c h  i s  b o t h  t h e  r i s e  a n d  f a l l  t i m e  o f  t h e  o u t p u t  p u l s e ,  i . e .
r  =  1 / W u =  1 / W p .  I n  p r a c t i c a l  t e r m s  w e  c a n  s e t  ^  t o  b e  a n y  v a l u e  e q u a l  t o
■ int
o r  l a r g e r  t h a n  t h e  r i s e  t i m e  o f  t h e  i n p u t  c h a r g e  p u l s e ,  a s  s h o r t e r  t i m e s  
w i l l  r e s u l t  i n  a t t e n u a t i o n  o f  t h e  s i g n a l .  N o w  u s i n g  e q u a t i o n s  2 . 1  a n d  2 . 2 ,
f ( W )  =  A 0 2  | W t  / ( I  +  WZ T 2 ) ! 2  . . . 2 . 3
2 . 4  N O I S E  A N A L Y S I S  O F  A D I O D E  D E T E C T I O N  S Y S T E M
T h e  a n a l y s i s  u s e d  i n  t h i s  s e c t i o n  i s  m a i n l y  b a s e d  o n  t h a t  u s e d  b y  
D E L A N E Y  ( 1 9 8 0 ) ,  W I L L I S  a n d  RAD E KA  ( 1 9 7 4 ) ,  a n d  KOWALSKI  ( 1 9 7 0 ) .
2 . 4 . 1  COMP LE T E E Q U I V A L E N T  C I R C U I T
T h i s  i s  s h o w n  i n  f i g .  2 . 3 ,  a n d  t h e  t e r m s  s o  f a r  u n d e f i n e d  a r e ;
I 6  =  I p  +  I p  ( t h e  l e a k a g e  c u r r e n t  o f  t h e  F E T  g a t e ,  w h i c h  i s  a l s o
a  r e v e r s e  b i a s e d  p - n  j u n c t i o n )
R p q  =  T h e  e q u i v a l e n t  r e s i s t a n c e  o f  t h e  F E T  g a t e  ( s e c t i o n  2 . 4 . 4 )
C j  =  I n p u t  c a p a c i t a n c e  o f  t h e  F E T
C g =  S t r a y  o r  ' p a r a s i t i c 1 c a p a c i t a n c e  d u e  t o  p l u g s ,  l e a d s  e t c .
R p  =  P a r a l l e l  r e s i s t a n c e  o f  t h e  d e t e c t o r .
R g =  S e r i e s  r e s i s t a n c e  o f  t h e  d e t e c t o r .
R p  =  F e e d b a c k  r e s i s t a n c e
Rp = L o a d  ( b i a s )  r e s i s t a n c e  
T h i s  i s  t h e  s t a r t i n g  p o i n t ,  b u t  i n  t h e  s u c c e e d i n g  s e c t i o n s  i t  i s  n e c e s s a r y  
t o  m a k e  t h e  f o l l o w i n g  a s s u m p t i o n s  i n  o r d e r  t o  s i m p l i f y  t h e  p r o b l e m .
i s 1
-  1 2  -
F I G .  2.3. C o m p l e t e  E q u i v a l e n t  Ci rcu it f o r  N o i s e  A n a l y s i s  
o f  C h a r g e  S e n s i t i v e  P r e a m p l i f i e r  w i t h  D i o d e
D e t e c t o r .
' \ tWe can replace all the capacitances listed with
C I N  CD +  CJ  +  CS !
C jj i^ i s  u s u a l l y  d o m i n a t e d  b y  t h e  d e t e c t o r  c a p a c i t a n c e  i n  r o o m  t e m p e r a t u r e
’ it
d i o d e  d e t e c t o r  s y s t e m s .  I t  i s  s i m i l a r l y  p o s s i b l e  t o  r e p l a c e  t h e  p a r a l l e l  
r e s i s t a n c e s  w i t h
O f  t h e s e ,  R i s  u s u a l l y  o f  t h e  o r d e r  o f  t e n s  o f  G f t  ,  a n d  b e i n g  f a r  l a r g e rr
t h a n  t h e  v a l u e s  o f  t h e  o t h e r  c o m p o n e n t s  u s e d ,  t h e  t e r m  i n  R p  c a n  b e  e f f e c t ­
i v e l y  n e g l e c t e d .
T h e  s e r i e s  r e s i s t a n c e  o f  t h e  d e t e c t o r  c a n  a l s o  b e  a  s o u r c e  o f  n o i s e ,  
b u t  m o s t  m o d e r n  d e t e c t o r  m a n u f a c t u r e r s  h a v e  v i r t u a l l y  e l i m i n a t e d  i t  a s  a  
m a j o r  c o n t r i b u t o r .  GROOM ( 1 9 8 4 ) ,  f o r  e x a m p l e ,  h a s  d e s c r i b e d  h o w  t h e  
H a m a m a t s u  c o m p a n y  s o l v e d  t h e  p r o b l e m s  a s s o c i a t e d  w i t h  l a r g e  s e r i e s  
r e s i s t a n c e .  I n  c a s e s  w h e r e  s e r i e s  r e s i s t a n c e  i s  s u s p e c t e d  o f  b e i n g  a  
p r o b l e m ,  R A W L I N G S  ( 1 9 8 5 )  h a s  d e v i s e d  a  m e t h o d  o f  d i r e c t l y  m e a s u r i n g  i t s  
m a g n i t u d e .  T h e  e f f e c t  o f  t h e  s e r i e s  r e s i s t a n c e  i s  b y  d i r e c t  a d d i t i o n  t o
R E Q -
2 . 4 . 2  THERMAL N O I S E  FROM T H E G ATE R E S I S T A N C E
T h e  t h e r m a l l y  g e n e r a t e d  J o h n s o n  n o i s e  v o l t a g e  i s  a s s u m e d  t o  
o r i g i n a t e  f r o m  a  s e p a r a t e  n o i s e  s o u r c e  o f  m a g n i t u d e  v 7 4 k T R g d f  i n  s e r i e s  
w i t h  a  n o i s e l e s s  r e s i s t o r  o f  m a g n i t u d e  R ^  o v e r  t h e  b a n d  w i d t h  d f .  a n d  
Rq  f o r m  a  p o t e n t i a l  d i v i d e r  a c r o s s  t h e  n o i s e  g e n e r a t o r ,  s o  t h e  m e a n  s q u a r e  
v o l t a g e  a c r o s s  t h e  F E T  i n p u t  i s
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VR =  4 k T R q . d f  /  I N  \   2 . 4
\i/jwcIN + R, )
-  2
=  4 k T R Q . d f  ( 1  + ' J W C i n Rg )    2 . 5
-  A’f
RG i s  n o r m a l l y  v e r y  l a r g e , , s o  t h a t  W R g C j ^ »  1 ,  g i v i n g  f o r  t h e  m a g n i t u d e  o f  
t h e  r e s i s t o r  n o i s e  a p p e a r i n g  a t  t h e  i n p u t
VR = —  -df
I N  RG
2 k T
. d W   2 . 6
N o w  t a k i n g  t h e  f r e q u e n c y  d e p e n d e n c e  i n t o  a c c o u n t ,  w e  g e t  f o r  t h e  
c o n t r i b u t i o n  t o  t h e  n o i s e  o u t p u t  o f  t h e  a m p l i f i e r ,
/
w  y
v R f ( W )  dW   2 . 7~  ^  
RO
a n d  u s i n g  t h e  r e s u l t  o f  e q u a t i o n  2 . 3  t h i s  g i v e s
v r20 = l E i    2.8Vr f'L 
G I N
I t  i s  i m m e d i a t e l y  w o r t h  n o t i n g  t h a t  t h e  m e a n  s q u a r e  o u t p u t  n o i s e  c o n t r i b ­
u t i o n  f r o m  t h e  g a t e  r e s i s t a n c e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  i t s  m a g n i t u d e ,  
w h i c h  i s  t h e  o p p o s i t e  o f  w h a t  o n e  w o u l d  i n t u i t i v e l y  e x p e c t .
2 . 4 . 3  N O I S E  DUE TO THE G ATE C U R R E N T
T h i s  s o u r c e  o f  n o i s e  i s  r e f e r r e d  t o  v a r i o u s l y  a s  t h e  ' s h o t 1 ,  
' r e c o m b i n a t i o n ' ,  o r  ‘ s e r i e s '  n o i s e .  S u p p o s e  t h a t  c u r r e n t  i s  m e a s u r e d  b y  
c o u n t i n g  t h e  n u m b e r  o f  e l e c t r o n s  f l o w i n g  p a s t  a  c e r t a i n  p o i n t  i n  s u c c e s s i v e  
t i m e  i n t e r v a l s  t .  I f  n i s  t h e  a v e r a g e  n u m b e r  p a s s i n g  i n  t i m e  t ,  t h e n  t h e
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w h e r e  e  i s  t h e  e l e c t r o n i c  c h a r g e .  T h e  a c t u a l  n u m b e r  o f  e l e c t r o n s  p a s s i n g
i
a t  a n y  t i m e  w i l l  f l u c t u a t e  s t a t i s t i c a l l y  a b o u t  n  w i t h  d e v i a t i o n  n 2 ,  s o  t h e
,  -  . X
f l u c t u a t i o n  i n  n  i n  t e r m s  o f  c u r r e n t  i s  ( t l / e ) 2 .  T h e  RMS c u r r e n t  f l u c t u ­
a t i o n  i s  t h u s
T 2  =  e T / t  ................... 2 . 1 0
T h e  r e s u l t  q u o t e d  i n  s t a n d a r d  t e x t s  f o r  t h e  RMS c u r r e n t  f l u c t u a t i o n  o v e r  
t h e  s m a l l  f r e q u e n c y  i n t e r v a l  d f  i s
i 2  —  2 e l  d f  ...................2 . 1 1
T h e  g a t e  c u r r e n t  i n  t h e  c a s e  w h i c h  i s  b e i n g  e x a m i n e d  f l o w s  a l m o s t  e n t i r e l y  
t h r o u g h  t h e  c a p a c i t o r  C j ^ ,  a s  R p  h a s  b e e n  c h o s e n  t o  b e  l a r g e .  We t h e r e f o r e
h a v e  f o r  t h e  m a g n i t u d e  o f  t h e  m e a n  s q u a r e  v o l t a g e  a t  t h e  F E T  i n p u t  d u e  t o
t h i s  n o i s e  s o u r c e ,
average current flowing is
i i
I = ne/t .... 2.9
- 1  2 e l r  d fV~ u
G
..2 r 2 
W C I N
e l p  dW  2 . 1 2
, .2 r 2 ^W
a n d  t h e  n o i s e  a t  t h e  o u t p u t  o f  t h e  a m p l i f i e r  i s  o b t a i n e d  b y  m u l t i p l y i n g  b y
f ( W )  a n d  i n t e g r a t i n g ,  g i v i n g
- 2  _  A e I r T   2 . 1 3
g o  '   L _
4 C I2N
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2 . 4 . 4  THERMAL N O I S E  I N  T H E F E T  C H A N N E L  ( D R A I N  TO S O U R C E )
' c
\ (
I n  t h i s  a n a l y s i s  i t  i s  n e c e s s a r y  t o  r e f e r  b a c k  t o  e . c p  2 . 0  . A t  l o w  
v a l u e s  o f  V p < . ,  t h e  F E T  m a y  b e  c o n s i d e r e d  a s  a  r e s i s t o r  w h o s e  m a g n i t u d e  i s
d e p e n d e n t  o n  V p < , .  I t  m i g h t  t h e r e f o r e  b e  e x p e c t e d  t h a t  t h e  c h a n n e l  n o i s e
w o u l d  b e  g i v e n  b y
v 2  =  4 k T R 0 d f   2 . 1 4
w h e r e  R q  i s  t h e  i n v e r s e  o f  t h e  s l o p e  o f  t h e  l i n e  d e t e r m i n e d  b y  V .  A m o r e  
d e t a i l e d  t r e a t m e n t  b y  VAN D ER  Z I E L  ( 1 9 6 2 )  s h o w s  t h a t  t h i s  i s  i n d e e d  t h e  
c a s e .  A l t h o u g h  t h e  F E T  i s  n o t  n o r m a l l y  o p e r a t e d  i n  t h i s  r e g i o n ,  i t  i s  
u s u a l l y  a c c e p t e d  ( D E L A N E Y ,  1 9 8 0 )  t h a t  t h i s  i s  a  g o o d  e n o u g h  a p p r o x i m a t i o n  
t o  t h e  b e h a v i o u r  u n d e r  n o r m a l  o p e r a t i o n  a l s o .  RADE KA ( 1 9 6 4 )  h a s  s h o w n  t h a t  
t h e  v a l u e  o f  RQ i s  a p p r o x i m a t e l y  l / g m * a n d  s o  t h e  n o i s e  c o n t r i b u t i o n  f r o m
t h i s  s o u r c e  c a n  b e  w r i t t e n  a s
- 2  _  4 k T  d f  _  2 k T  dW o n ev -   .^j.5
ym ym
T a k i n g  t h e  f r e q u e n c y  d e p e n d e n t  g a i n  c h a r a c t e r i s t i c s  i n t o  c o n s i d e r a t i o n ,  
t h i s  b e c o m e s  a t  t h e  o u t p u t ,
V 2  =  A o  k T   2 . 1 6
2gm r
2 . 4 . 5  F L I C K E R  N O I S E
T h e r m a l  a n d  s h o t  n o i s e  c a n  b o t h  b e  r e f e r r e d ' t o  a s  t y p e s  o f  ' w h i t e '  
n o i s e ,  a s  t h e y  e x t e n d  u n i f o r m l y  o v e r  t h e  f r e q u e n c y  r a n g e .  I n  a l l  k i n d s  o f  
v a l v e s  a n d  t r a n s i s t o r s ,  a n  a d d i t i o n a l  a n d  i n v e r s e l y  f r e q u e n c y  d e p e n d e n t  
n o i s e  s o u r c e  i s  u s u a l l y  p r e s e n t ,  a n d  i s  o f t e n  r e f e r r e d  t o  a s  ' 1 / f ' o r  
' f l i c k e r '  n o i s e .  I t  i s  t h o u g h t  t o  a r i s e  f r o m  d i f f e r e n t  p h y s i c a l  m e c h a n i s m s
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i n  m e t a l s  a n d  s e m i c o n d u c t o r  d e v i c e s ,  a n d  n e i t h e r  i s  w e l l  u n d e r s t o o d .  I n  
t h e  c a s e  o f  t r a n s i s t o r s ,  c r y s t a l  i m p e r f e c t i o n s  a n d  s u r f a c e  e f f e c t s  a r e  
u s u a l l y  b l a m e d .  F o r t u n a t e l y ,  t h e  f l i c k e r  n o i s e  i s  u s u a l l y  s m a l l  c o m p a r e d  
t o  o t h e r  s o u r c e s ,  (GROOM 1 9 8 4 ,  L E V I T  e t  a l .  1 9 8 5 )  e x c e p t  i n  t h e  c a s e  o f
’ f
c r y o g e n i c a l l y  c o o l e d  s y s t e m s  w i t h  l o w  c a p a c i t a n c e  d e t e c t o r s ,  w h e r e  t h e r m a l
5J
a n d  s h o t  n o i s e  a r e  g r e a t l y  r e d u c e d ,  a n d  s o  i t  h a s  b e e n  c o n s i d e r e d  
n e g l i g i b l e  i n  a m b i e n t  t e m p e r a t u r e  a p p l i c a t i o n s .
2 . 4 . 6  T O T A L  ENC A T  T HE  O U T P U T
F o r  a  s e t  o f  r a n d o m  u n c o r r e l a t e d  n o i s e  c o n t r i b u t i o n s ,  s i m p l e
p
a d d i t i o n  o f  a l l  t h e  t e r m s  i s  a p p r o p r i a t e ,  a s  e a c h  i s  t h e  ( R M S )  f o r  t h e
s o u r c e  i n  q u e s t i o n .  We h a v e  f o r  t h e  t o t a l  o u t p u t  n o i s e  l e v e l
v T o  =  A o  /  k T x  +  e I G T  +  k T
2 R G C I N  4 C I N  2 x ' m
1 . 1 4
N o w  c o n s i d e r  a  n o i s e  p u l s e  f r o m  t h e  d e t e c t o r ,  w h i c h  d e p o s i t s  a  c h a r g e  Q o n  
t h e  i n p u t  c a p a c i t y  o f  t h e  s y s t e m .  T h i s  i s  e q u i v a l e n t  t o  a  v o l t a g e  s t e p  o f  
Q / C i N  a t  1 n P u t j  w h i c h  g i v e s  o u t p u t  s i g n a l  o f  A q Q / C j ^ . B u t  a s  D EL A NE Y  
( 1 9 8 0 )  s h o w s ,  w h e n  t h e  r i s e  t i m e  o f  t h e  p u l s e  i s  e q u a l  t o  t h e  f a l l  t i m e  
( o n e  o f  o u r  o r i g i n a l  a s s u m p t i o n s ) ,  t h e  g a i n  i s  r e d u c e d  b y  £ ( v a l u e  2 . 7 1 8 ) .  
T h e  e q u i v a l e n t  n o i s e  c h a r g e  i s  n o w  o b t a i n e d  b y  e q u a t i n g  t h e  q u a n t i t y  
( A 0 Q / C j ^ j ) 2 t o  t h e  v a l u e  o f  Vj q 2 .  S o l v i n g  t h i s  f o r  Q ,  a n d  c o n v e r t i n g  t o  
u n i t s  o f  e l e c t r o n s  ( e  i s  t h e  e l e c t r o n i c  c h a r g e )  g i v e s
E N C 2  =  F i  (J £ [ l  +  e I Gx  +  J ^ N N  I.......................................................... . 2 . 1 8
\ 2 R G 4  2 x ' m
I t  i s  u s u a l l y  c o n v e n i e n t  t o  r e t a i n  t h e  e x p r e s s i o n  i n  t h i s  f o r m ,  i n  o r d e r  t o  
c a l c u l a t e  t h e  n o i s e  c o n t r i b u t i o n s  f r o m  t h e  p h y s i c a l  p a r a m e t e r s  R p ,  I p  a n d
C I N '
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A r m e d  w i t h  t h i s  r e l a t i o n s h i p ,  i t  i s  p o s s i b l e  t o  p r e d i c t  t h e  p e r f o r m ­
a n c e  o f  t h e  e l e c t r o n i c s  i n  a  d e t e c t i o n  s y s t e m ,  a s s u m i n g  t h a t  t h e  v a r i o u s  
d e t e c t o r  a n d  p r e a m p l i f i e r  p a r a m e t e r s  a r e  k n o w n .  S u c h  p r e d i c t i o n s  t e n d  t o  
b e  s l i g h t l y  o p t i m i s t i c ,  a s  s h o w n  l a t e r ,  s i n c e  s e v e r a l  a s s u m p t i o n s  h a v e  b e e n  
m a d e  w h i c h  t e n d  t o  n e g l e c t  s o m e  o f  t h e  s m a l l e r  n o i s e  c o n t r i b u t i o n s .
2 . 5  P R E D I C T E D  N O I S E  P E RF OR MA N C E  O F A  RE A L P R E A M P L I F I E R  AND D I O D E
L E V I T  ( 1 9 8 5 )  h a s  p u b l i s h e d  a  u s e f u l  g r a p h i c a l  r e v i e w  o f  h o w  t h e  
o v e r a l l  n o i s e  c h a r a c t e r i s e s  o f  a  s y s t e m  v a r y  a s  e a c h  o f  t h e  p r i n c i p l e  
p a r a m e t e r s  a r e  a l t e r e d .
T h e  n o i s e  p e r f o r m a n c e  o f  a  r e a l  p r e a m p l i f i e r  c a n  b e  p r e d i c t e d  f r o m  
e q u a t i o n  2 . 1 8 ,  a n d  a s  a n  e x a m p l e  t h e  O r t e c  1 2 5  m o d e l  w i l l  b e  c o n s i d e r e d .  
T h i s  d e v i c e  h a s  t h e  f o l l o w i n g  p a r a m e t e r s ;
F E T  : 2  x  2 N 4 4 1 6  i n  p a r a l l e l ,
t o t a l  q =  1 5  mS°m
t o t a l  C .  =  8  p F
J
R F =  5 0 0  M£2
RL = 100 MS?
T h e s e  f i g u r e s  h a v e  b e e n  u s e d  t o  c a l c u l a t e  t h e  ENC u n d e r  d i f f e r e n t  
o p e r a t i n g  c o n d i t i o n s ,  a s  s h o w n  i n  F i g u r e  2 . 4 .  T y p i c a l  v a l u e s  o f  s h a p i n g  
t i m e  c o n s t a n t s  a v a i l a b l e  o n  s t a n d a r d  s p e c t r o s c o p y  s h a p i n g  a m p l i f i e r s  h a v e  
b e e n  t a k e n  a s  d a t a  p o i n t s .
T h e  g r a p h  c l e a r l y  d e m o n s t r a t e s  t h a t  i n c r e a s e d  l e a k a g e  c u r r e n t  c a n  h a v e  
a  s i g n i f i c a n t  e f f e c t  o n  t h e  o v e r a l l  n o i s e  l e v e l .  N o t e  t h a t  t h e r e  i s  l i t t l e  
i m p r o v e m e n t  t o  b e  h a d  i n  o v e r a l l  n o i s e  l e v e l  b y  r e d u c i n g  l e a k a g e  c u r r e n t s  
w h i c h  a r e  a l r e a d y  l e s s  t h a n  a b o u t  1  n A .  T h i s  p o i n t  w a s  i l l u s t r a t e d  b y  
r e d u c i n g  t h e  t e m p e r a t u r e  o f  a n  e n t i r e  d e t e c t o r  s y s t e m  f r o m  2 0 ° C  t o  0 ° C ,
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w h i c h  s h o u l d  h a v e  r e d u c e d  t h e  l e a k a g e  c u r r e n t  b y  a n  o r d e r  o f  m a g n i t u d e .  
H o w e v e r ,  n o  e f f e c t  o n  t h e  o v e r a l l  n o i s e  l e v e l  w a s  o b s e r v e d .
2 . 6  A R E V I E W  OF  A V A I L A B L E  P R E A M P L I F I E R S
A l l  o f  t h e  m a j o r  m a n u f a c t u r e r s  o f  n u c l e a r  e l e c t r o n i c s  ( O r t e c ,
C a n b e r r a ,  e t c . )  o f f e r  c o n v e n t i o n a l  d i s c r e t e  c o m p o n e n t  c h a r g e  s e n s i t i v e  
p r e a m p l i f i e r s  w h i c h  a r e  s u i t a b l e  f o r  u s e  w i t h  d i o d e  d e t e c t i o n  s y s t e m s .  
U n f o r t u n a t e l y ,  a l l  t h e s e  d e v i c e s  s u f f e r  f r o m  t w o  m a j o r  d r a w b a c k s ,  t h e  m o s t  
c r u c i a l  o f  w h i c h  i s  h i g h  c o s t .  A t y p i c a l  ' s t a n d a r d '  m o d e l  c o s t s  a b o u t  f o u r  
h u n d r e d  p o u n d s ,  w h i l e  t h e  b e s t  a v a i l a b l e  c o m e  i n  a t  a r o u n d  o n e  t h o u s a n d  
p o u n d s .  A s  h a s  a l r e a d y  b e e n  n o t e d ,  o n e  o f  t h e  a t t r a c t i o n s  o f  p h o t o d i o d e  
r a t h e r  t h a n  p h o t o m u l t i p l i e r  b a s e d  s y s t e m s  i s  l o w  c o s t  a n d  t h i s  i s  o b v i o u s l y  
c o m p r o m i s e d  b y  s u c h  e x o r b i t a n t  p r i c e s  f o r  i t e m s  w h i c h  a r e  a c t u a l l y  q u i t e  
s i m p l e  a n d  c h e a p  i n  t e r m s  o f  c o m p o n e n t s .  T h e  s e c o n d  d i s a d v a n t a g e  i s  t h e  
p h y s i c a l  s i z e  o f  s u c h  d e v i c e s ,  t h e  s m a l l e s t  b e i n g  s e v e r a l  c e n t i m e t r e s  i n  
a l l  d i m e n s i o n s ,  w h i c h  i s  i n c a p a b l e  o f  f u r t h e r  r e d u c t i o n .  I n  a p p l i c a t i o n s  
w h e r e  c l o s e l y  p a c k e d  m u l t i - d e t e c t o r  a r r a y s  a r e  b e i n g  c o n t e m p l a t e d  ( a s  i n  
t o m o g r a p h y ) ,  s u c h  l a r g e  d i m e n s i o n s  w o u l d  b e  a  g r e a t  i n c o n v e n i e n c e .  
N e v e r t h e l e s s  t w o  d e v i c e s  o f  t h i s  t y p e ,  t h e  O r t e c  1 2 5 ,  a n d  t h e  C a n b e r r a  
2 0 0 3 B  w e r e  t e s t e d  d u r i n g  t h e  c o u r s e  o f  t h i s  p r o j e c t  ( s e e  s e c t i o n  4 . 4 ) .
A s o l u t i o n  t o  b o t h  c o s t  a n d  s i z e  p r o b l e m s  h a s  b e e n  f o u n d  i n  t h e  f o r m  
o f  1 t h i c k - f i l m '  a n d  ' h y b r i d '  ( t h i c k - f i l m  w i t h  s o m e  d i s c r e t e  c o m p o n e n t s ,  
s o m e t i m e s  a l s o  c a l l e d  ' s u r f a c e  m o u n t ' )  d e v i c e s .  T h e s e  a r e  n o w  c o m m e r c i a l l y  
a v a i l a b l e  i n  a  v a r i e t y  o f  s u i t a b l e  c o n f i g u r a t i o n s ,  a n d  a r e  b o t h  c h e a p  
( a b o u t  s e v e n t y  p o u n d s ) ,  a n d  s m a l l  ( c .  2 5  x  2 5  x  6  ( m m ) ) .  T h r e e  
p r e a m p l i f i e r s  o f  t h i s  t y p e  w e r e  t e s t e d  i n  t h i s  w o r k ;  t h e  MSH 2 C  ( M i c r o n
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F I G .  2 . 4  T h e  e f f e c t  o f  s h a p i n g  t i m e  o n  e l e c t r o n i c  
n o i s e  for 3  d i f f e r e n t  v a l u e s  o f  d i o d e  
l e a k a g e  c u r r e n t .
S e m i c o n d u c t o r  L t d . ) ,  t h e  P A C - L P  ( I n s t i t u t e  d e  P h y s i q u e s  N u c l e a i r e ,  L y o n ) ,  
a n d  a n  u n d e s i g n a t e d  t y p e  o n  l o a n  f r o m  A E R E  H a r w e l l .  P r e c i s e  d e t a i l s  o f  
t h e s e  d e s i g n s  a r e  c o n f i d e n t i a l ,  a n d  I w o u l d  l i k e  t o  t h a n k  t h e  r e s p e c t i v e  
d e s i g n e r s  f o r  t h e i r  c o - o p e r a t i o n  i n  s u p p l y i n g  t e c h n i c a l  i n f o r m a t i o n  w h i c h  
e n a b l e d  m e  t o  p r e d i c t  t h e  p e r f o r m a n c e  o f  t h e i r  d e v i c e s .
-  2 0  -
CHAPTER 3
C H A R A C T E R I S T I C S  O F  P H O T O D I O D E S
M o d e r n  s e m i c o n d u c t o r  p h o t o d i o d e s  c a n  u s u a l l y  b e  p l a c e d  i n  o n e  o f  t h r e e  
m a i n  c a t e g o r i e s ,
A .  D i f f u s e d  o r  i o n  i m p l a n t e d  j u n c t i o n  d i o d e s .
B .  S c h o t t k y  o r  m e t a l - s e m i c o n d u c t o r  j u n c t i o n  d i o d e s .
C .  A v a l a n c h e  d i o d e s  ( s i m i l a r  t o  A .  i n  c o n s t r u c t i o n ,  b u t  d i f f e r e n t  i n
o p e r a t i o n ) .
T h i s  c h a p t e r  b r i e f l y  d e s c r i b e s  t h e  c o n s t r u c t i o n  o f  t h e s e  d e v i c e s  a n d  
h o w  t h e y  a r e  o p e r a t e d .  C h a r a c t e r i s t i c s  o f  s p e c i f i c  d e v i c e s  a v a i l a b l e  
c o m m e r c i a l l y  a r e  d e s c r i b e d  i n  l a t e r  s e c t i o n s  o f  t h i s  c h a p t e r .  M o r e  
d e t a i l e d  g e n e r a l  i n f o r m a t i o n  o n  t h e  p h y s i c s  o f  p - n  j u n c t i o n s  i s  a v a i l a b l e  
i n  s t a n d a r d  t e x t s  s u c h  a s  S Z E  ( 1 9 8 1 ) .
3 . 1  C A R R I E R  G E N E R A T I O N  I N  S E M I C O N D U C T O R S
A l l  t h r e e  o f  t h e  d e v i c e s  m e n t i o n e d  a b o v e  r e l y  o n  t h e  c r e a t i o n  o f  
e l e c t r o n - h o l e  p a i r s  i n  o r d e r  t o  p r o d u c e  a n  e l e c t r o n i c  s i g n a l .  T h e  v a l e n c e  
t o  c o n d u c t i o n  b a n d  g a p  f o r  s i l i c o n  i s  a b o u t  1 . 1  e V  a t  r o o m  t e m p e r a t u r e ,  b u t  
e x c i t a t i o n  d u e  t o  t h e r m a l  e f f e c t s  c a n  s t i l l  c a u s e  t h e  p r o d u c t i o n  o f  a n  
e l e c t r o n - h o l e  p a i r  w i t h  a  p r o b a b i l i t y  g i v e n  b y ;
P  «  C t 3 / 2  e x p ( - E g / 2 k T )
W h e r e  P s  p r o b a b i l i t y  o f  c a r r i e r  g e n e r a t i o n ,  
k  s  B o l t z m a n n  c o n s t a n t .
E p  =  B a n d g a p  e n e r g y  o f  s e m i c o n d u c t o r .
T  =  A b s o l u t e  t e m p e r a t u r e  ( K ) .
C -  P r o p o r t i o n a l i t y  c o n s t a n t  f o r  s i l i c o n .
S u c h  t h e r m a l l y  g e n e r a t e d  c a r r i e r s  u s u a l l y  r e c o m b i n e  i n  a  v e r y  s h o r t
s p a c e  o f  t i m e ,  b u t  i n  c a s e s  w h e r e  a n  e l e c t r i c  f i e l d  i s  a p p l i e d  t h e y  w i l l
c o n t r i b u t e  t o  t h e  l e a k a g e  c u r r e n t  o f  t h e  d e v i c e  i n  q u e s t i o n .  A t  l o w  v a l u e s
o f  t h e  e l e c t r i c  f i e l d ,  t h e  d r i f t  v e l o c i t y  o f  t h e  c a r r i e r s  i s  p r o p o r t i o n a l
t o  t h e  e l e c t r i c  f i e l d  s t r e n g t h ,  w i t h  a  s l i g h t l y  d i f f e r e n t  c o n s t a n t  o f
p r o p o r t i o n a l i t y  f o r  t h e  e l e c t r o n s  a n d  h o l e s  ( k n o w n  a s  t h e  e l e c t r o n  o r  h o l e
fi 1
m o b i l i t y ) .  A t  f i e l d  s t r e n g t h s  o f  a b o u t  1 0  V m i n  s i l i c o n  t h e  v e l o c i t i e s
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s a t u r a t e  a t  a r o u n d  1 0  m s "  ( p h o t o d i o d e s  a r e  u s u a l l y  a  f e w  h u n d r e d  pm  
t h i c k ) ,  a n d  c o n s e q u e n t l y  t h e  c o l l e c t i o n  t i m e  m a y  b e  o f  t h e  o r d e r  o f  a  f e w  
n a n o s e c o n d s  o v e r  t y p i c a l  d e t e c t o r  d i m e n s i o n s .
T h e  e x p r e s s i o n  a b o v e  s u g g e s t s  t h a t  t h e  l e a k a g e  c u r r e n t  i s  d e p e n d e n t  
u p o n  t e m p e r a t u r e ,  a n d  t h i s  i s  i n d e e d  t h e  c a s e .  B I A N  e t  a l .  ( 1 9 8 5 )  
c o n f i r m e d  t y p i c a l  m a n u f a c t u r e r s  e s t i m a t e s  o f  a b o u t  +  2 0 % / ° C ,  t a k i n g  r o o m  
t e m p e r a t u r e  a s  a  s t a r t i n g  p o i n t .  A s  a  r u l e  o f  t h u m b ,  n e a r  r o o m  t e m p e r a t u r e  
t h e  l e a k a g e  c u r r e n t  i n  s i l i c o n  d o u b l e s  f o r  e v e r y  7 ° C  t e m p e r a t u r e  r i s e .  
C o n v e r s e l y ,  e a c h  7 ° C  t e m p e r a t u r e  d e c r e a s e  w i l l  r e d u c e  t h e  l e a k a g e  b y  a n  
e q u a l  f a c t o r .  I n  c a s e s  w h e r e  l e a k a g e  c u r r e n t  i s  a  m a j o r  n o i s e  c o n t r i b u t o r ,  
m o d e r a t e  c o o l i n g  o f  t h e  d e t e c t o r  i s  e x p e c t e d  t o  i m p r o v e  t h e  o v e r a l l  n o i s e  
p e r f o r m a n c e .
C h a r g e  c a r r i e r s  m a y  a l s o  b e  p r o d u c e d  b y  i o n i s i n g  e v e n t s  w i t h i n  t h e  
s e m i c o n d u c t o r .  T h e  a v e r a g e  e n e r g y  r e q u i r e d  t o  c r e a t e  a n  e l e c t r o n - h o l e  p a i r  
b y  t h i s  m e c h a n i s m  i n  s i l i c o n  i s  3 . 6 2  e V  f o r  a l p h a  p a r t i c l e s  a t  2 0 ° C  ( K N O L L ,  
1 9 7 9 ,  p .  3 7 3 ) ,  a n d  t h i s  v a l u e  i s  a l m o s t  c o n s t a n t  f o r  a  w i d e  v a r i e t y  o f  
i n c i d e n t  r a d i a t i o n .  T h i s  v a l u e  i s  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  b a n d g a p  
e n e r g y ,  s i n c e  e n e r g e t i c  e l e c t r o n s  l o s e  a  p r o p o r t i o n  o f  t h e i r  e n e r g y  t h r o u g h  
t h e r m a l  m e c h a n i s m s .
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A t h i r d  w a y  o f  g e n e r a t i n g  c h a r g e  c a r r i e r s ,  a n d  t h e  o n e  w h i c h  i s  o f  
p r i n c i p a l  i n t e r e s t  h e r e ,  i s  t h a t  o f  p h o t o - g e n e r a t i o n .  E l e c t r o n s  i n  t h e  
v a l e n c e  b a n d  o f  t h e  s e m i c o n d u c t o r  m a y  u n d e r g o  p r o m o t i o n  t o  t h e  c o n d u c t i o n  
b a n d  b y  a b s o r p t i o n  o f  a  p h o t o n  w i t h  e n e r g y  g r e a t e r  t h a n  t h e  b a n d g a p .  T h i s  
p r o c e s s  o c c u r s  w i t h  a n  i n t e r n a l  e f f i c i e n c y  o f  n e a r l y  1 0 0 %  i n  t h e  s e m i ­
c o n d u c t o r ,  b u t  f o r  a  v a r i e t y  o f  r e a s o n s ,  d i s c u s s e d  l a t e r ,  t h e  n u m b e r  o f  
c h a r g e  c a r r i e r s  o b s e r v e d  i n  a  s i g n a l  m a y  b e  l e s s  t h a n  t h a t  e x p e c t e d  f r o m  
t h i s  c o n s i d e r a t i o n  a l o n e .
F r e e  e l e c t r o n s  a n d  h o l e s  p r o d u c e d  b y  t h e s e  p r o c e s s e s  i n  t h e  
s e m i c o n d u c t o r  t e n d  t o  m i g r a t e  e i t h e r  s p o n t a n e o u s l y  b y  d i f f u s i o n ,  o r  u n d e r  
t h e  i n f l u e n c e  o f  a n  a p p l i e d  e l e c t r i c  f i e l d  u n t i l  t h e y  a r e  e i t h e r  c o l l e c t e d  
a t  t h e  e l e c t r o d e s ,  o r  r e c o m b i n e .  R e c o m b i n a t i o n  m a y  a l s o  o c c u r  d u e  t o  t h e  
p r e s e n c e  o f  i m p u r i t i e s  ( o t h e r  t h a n  d o n o r  o r  a c c e p t o r  d o p i n g  s i t e s )  a n d  
s t r u c t u r a l  d e f e c t s .  T h e s e  i n t r o d u c e  e n e r g y  l e v e l s  n e a r  t h e  m i d d l e  o f  t h e  
f o r b i d d e n  b a n d ,  w h i c h  c a n  a c t  a s  ' t r a p s '  f o r  b o t h  e l e c t r o n s  a n d  h o l e s ,  
l e a d i n g  t o  r e c o m b i n a t i o n  i f  b o t h  a r e  t r a p p e d  i n  t h e  s a m e  t r a p p i n g  c e n t r e ,  
o r  a t  b e s t  r e l e a s i n g  t h e  c a r r i e r  a f t e r  a  r e l a t i v e l y  l o n g  p e r i o d  o f  t i m e .  
T h e  l o n g e r  i t  t a k e s  t h e  c a r r i e r  t o  r e a c h  a n  e l e c t r o d e ,  t h e  g r e a t e r  t h e  
c h a n c e  o f  i t  s u f f e r i n g  f r o m  r e c o m b i n a t i o n  o r  t r a p p i n g ,  w h i c h  r e s u l t s  i n  a  
r e d u c e d  s i g n a l  a m p l i t u d e .
3 . 2  S E M I C O N D U C T O R  J U N C T I O N S  AND T H E D E P L E T I O N  R E G I O N
T h e  d e s c r i p t i o n  o f  t h e  p r o p e r t i e s  o f  s e m i c o n d u c t o r  j u n c t i o n s  g i v e n  
h e r e  i s  a n  a b b r e v i a t e d  a n d  a d a p t e d  f o r m  o f  t h a t  g i v e n  b y  KNOLL ( 1 9 7 9 ) .
I n  t h e  v i c i n i t y  o f  a  p - n  j u n c t i o n ,  t h e r e  e x i s t s  a  s h a r p  d i s c o n t i n u i t y  
i n  t h e  c o n c e n t r a t i o n  o f  c o n d u c t i o n  e l e c t r o n s .  C o n s e q u e n t l y ,  t h e r e  w i l l  b e  
a  n e t  d i f f u s i o n  o f  b o t h  e l e c t r o n s  a n d  h o l e s  f r o m  r e g i o n s  o f  h i g h  c o n c e n ­
t r a t i o n  t o  t h o s e  o f  l o w  c o n c e n t r a t i o n  o f  t h e  r e s p e c t i v e  c a r r i e r s .  A s  a n
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e x a m p l e ,  e l e c t r o n s  w i l l  d i f f u s e  f r o m  t h e  n  l a y e r  t o  t h e  p  l a y e r ,  w h e r e  t h e y  
w i l l  q u i c k l y  a n n i h i l a t e  w i t h  t h e  p r e d o m i n a n t  h o l e s .  T h e  l o s s  o f  t h e s e  
c o n d u c t i o n  e l e c t r o n s  f r o m  t h e  n  r e g i o n  w i l l  r e s u l t  i n  a  f i x e d  a n d  i m m o b i l e
p o s i t i v e  c h a r g e ,  a n d  e v e n t u a l l y  t h e  i n c r e a s e  i n  t h e  n u m b e r  o f  t h e s e  s i t e s
w i l l  t e n d  t o  p r e v e n t  f u r t h e r  e l e c t r o n  d i f f u s i o n .  A  c o m p l e t e l y  s y m m e t r i c  
a r g u m e n t  a p p l i e s  t o  t h e  d i f f u s i o n  o f  h o l e s .  T h i s  p h e n o m e n o n  i s  k n o w n  a s  
t h e  s p a c e  c h a r g e ,  a n d  w h e n  e q u i l i b r i u m  i s  r e a c h e d ,  t h e  n e t  c h a r g e s  e i t h e r  
s i d e  o f  t h e  j u n c t i o n  a r e  e q u a l  a n d  o p p o s i t e .  T h e  v a l u e  o f  t h e  e l e c t r i c  
f i e l d  w h i c h  i s  p r o d u c e d  c a n  b e  f o u n d  a t  a n y  p o s i t i o n  b y  t h e  s o l u t i o n  o f  
P o i s s o n ' s  e q u a t i o n ,  w h i c h  i n  o n e  d i m e n s i o n  i s
~  -  p ( x ) / e   3 . 1
d x
w h e r e  e  3  d i e l e c t r i c  c o n s t a n t  o f  s i l i c o n  
< 6 ( x ) 3  e l e c t r i c  p o t e n t i a l  a t  p o i n t  x
p ( x )  3  s p a c e  c h a r g e  a t  p o i n t  x
T h e  e l e c t r i c  f i e l d  i n  t h i s  r e g i o n  i s  f o u n d  b y  t a k i n g  t h e  g r a d i e n t  o f  
t h e  p o t e n t i a l ,  a n d  i n  o n e  d i m e n s i o n  t h i s  i s
EW  -   3 -2
S k e t c h e s  o f  t h e s e  q u a n t i t i e s  a r e  g i v e n  i n  F i g u r e  3 . 1 .
T h e  v o l u m e  o v e r  w h i c h  t h i s  p r o c e s s  o c c u r s  i s  k n o w n  a s  t h e  d e p l e t i o n  
r e g i o n ,  a n d  i s  o n  b o t h  s i d e s  o f  t h e  j u n c t i o n .  I t  i s  u s u a l  f o r  t h e  c o n c e n ­
t r a t i o n  o f  a c c e p t o r s  i n  t h e  p - t y p e  l a y e r  t o  b e  m u c h  l a r g e r  t h a n  t h a t  o f  
d o n o r s  i n  t h e  n - t y p e  m a t e r i a l ,  a n d  s o  t h e  d e p l e t i o n  r e g i o n  e x t e n d s  f u r t h e r  
i n t o  t h e  n » t y p e  l a y e r  t h a n  i n t o  t h e  p - t y p e ,  a s  t h e  t o t a l  s p a c e  c h a r g e  o n  
e i t h e r  s i d e  o f  t h e  j u n c t i o n  i s  e q u a l .  S i n c e  t h e r e  a r e  v e r y  f e w  f r e e  
e l e c t r o n s  a n d  h o l e s  a v a i l a b l e  i n  t h e  d e p l e t i o n  r e g i o n  f o r  c o n d u c t i o n ,  i t s
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r e s i s t i v i t y  i s  v e r y  h i g h  w i t h  r e s p e c t  t o  t h e  e x t r i n s i c  n  a n d  p - t y p e  
m a t e r i a l s .  I n  t h i s  w a y ,  i t  e x h i b i t s  m a n y  o f  t h e  p r o p e r t i e s  e x p e c t e d  o f  
i n t r i n s i c  s i l i c o n .
3 . 2 . 1  P H O T O V O L T A I C  O P E R A T I O N
T h i s  i s  t h e  c o n d i t i o n  d i s c u s s e d  a b o v e ,  i n  w h i c h  n o  e x t e r n a l  b i a s  i s
a p p l i e d .  I n  t h i s  c a s e ,  t h e  c a p a c i t a n c e  o f  t h e  d i o d e  i s  v e r y  l a r g e
o
( t y p i c a l l y  s e v e r a l  t e n s  o f  p F  mm ) ,  t h e  r i s e  t i m e  o f  t h e  c h a r g e  p u l s e  f r o m
a  f a s t  s i g n a l  s u c h  a s  a  0 . 1  n s  l a s e r  p u l s e  i s  l a r g e  ( u p  t o  t e n s  o f  m i c r o ­
s e c o n d s ) ,  a n d  b e c a u s e  o f  t h e  w e a k  f i e l d  a t  t h e  j u n c t i o n  c h a r g e  c o l l e c t i o n  
i s  i n c o n s i s t e n t .
T h e s e  f a c t o r s  m a k e  p u l s e  h e i g h t  a n a l y s i s  u n s u i t a b l e  f o r  t h i s  m o d e  o f
o p e r a t i o n .  A s  a  r e s u l t  t h e  s i g n a l  i s  u s u a l l y  m e a s u r e d  a s  a  d . c .  c u r r e n t ,
o r  i t  m a y  b e  u s e d  t o  g e n e r a t e  a  s t e a d y  v o l t a g e  a c r o s s  a  l o a d  r e s i s t o r ,  a s  i n  
t h e  c a s e  o f  a  s o l a r  c e l l .  T h i s  t y p e  o f  m e a s u r e m e n t  i s  f a v o u r e d  b y  t h e  v e r y  
s m a l l  s h o r t  c i r c u i t  l e a k a g e  c u r r e n t  o f  t h i s  t y p e  o f  d e v i c e ,  w h i c h  m a y  b e  o f  
t h e  o r d e r  o f  p i  c o a m p s .  T h e  p h o t o v o l t a i c  m o d e  m a y  t h e r e f o r e  b e  u s e f u l  i n  
d o s i m e t r y  m e a s u r e m e n t s  i n  h i g h  r a d i a t i o n  f i e l d s ,  a n d  i t  i s  t h i s  t y p e  o f  
m e a s u r e m e n t  w h i c h  w a s  i n i t i a l l y  c o n c e i v e d  b y  F i s h e r  C o n t r o l s  i n  c o l l a b o r ­
a t i o n  w i t h  D r .  S .  J .  H a r r i s  o f  t h e  U n i v e r s i t y .  S o m e  m e a s u r e m e n t s  o f  t h i s  
t y p e  h a v e  b e e n  p e r f o r m e d ,  a n d  t h e  r e s u l t s  a r e  d e s c r i b e d  i n  a  l a t e r  c h a p t e r .  
H o w e v e r ,  t h e  m a i n  e m p h a s i s  o f  t h e  p r o j e c t  g r a d u a l l y  d e v e l o p e d  a w a y  f r o m  
t h i s  t y p e  o f  m e a s u r e m e n t ,  a s  t h e  m o r e  d e t a i l e d  i n f o r m a t i o n  a v a i l a b l e  f r o m  
p u l s e  h e i g h t  m e a s u r e m e n t  t e c h n i q u e s  w a s  c o n s i d e r e d  t o  b e  o f  g r e a t e r  
p o t e n t i a l  v a l u e .
- • -D ep le t io n  region
x
F I G .  3.1. P r o f i l e  P l o t s  o f  t h e  S p a c e  C h a r g e  e  ( x ),
E l e c t r o n  P o t e n t i a l  0 ( x ) . a n d  E l e c t r i c  F i e l d  E  ( x ) 
f o r a  p - n  J u n c t i o n  w i t h  n o  E x t e r n a l  V o l t a g e
A p p l i e d .
3 . 3 PROPERTIES OF BIASED p-n JUNCTIONS
T h e  a p p l i c a t i o n  o f  a  v o l t a g e  t o  a  p - n  j u n c t i o n  i n d u c e s  t h e  w e l l  k n o w n  
V - I  d i o d e  c h a r a c t e r i s t i c s  s h o w n  i n  F i g u r e  3 . 2 .  P h o t o d i o d e s  a r e  u s u a l l y  
o p e r a t e d  i n  t h e  r e v e r s e  b i a s  r e g i o n  ( p - l a y e r  n e g a t i v e  w i t h  r e s p e c t  t o  
n - l a y e r ) ,  s i n c e  a p p l i c a t i o n  o f  e v e n  a  v e r y  s m a l l  f o r w a r d  b i a s  p r o d u c e s  
c u r r e n t s  s o  l a r g e  t h a t  a n y  s i g n a l  w i l l  b e  s w a m p e d .  I n  a d d i t i o n ,  t h e  
d i s c u s s i o n  c o n c e r n i n g  t h e  d e p l e t i o n  r e g i o n  w i l l  n o t  a p p l y  i n  f o r w a r d  b i a s  
m o d e .
A s  w e  h a v e  a l r e a d y  n o t e d ,  t h e  d e p l e t i o n  r e g i o n  h a s  a  m u c h  h i g h e r  
r e s i s t i v i t y  t h a n  t h e  r e s t  o f  t h e  d i o d e ,  a n d  s o  e s s e n t i a l l y  t h e  w h o l e  o f  t h e  
a p p l i e d  r e v e r s e  b i a s  w i l l  a p p e a r  a c r o s s  i t .  E q u a t i o n  3 . 1  r e q u i r e s  t h a t  t h e  
s p a c e  c h a r g e  m u s t  a l s o  i n c r e a s e ,  a n d  t h i s  i n c r e a s e s  t h e  d e p t h  o f  t h e  
d e p l e t i o n  l a y e r .  T h e  d e p t h  o f  t h e  d e p l e t i o n  r e g i o n  s o  f o r m e d  c a n  b e  
c a l c u l a t e d  b y  f i n d i n g  t h e  s o l u t i o n  t o  P o i s s o n ' s  e q u a t i o n  f o r  t h e  v o l t a g e  
a p p l i e d .  T h e  s o l u t i o n  f o r  t h e  g e n e r a l  c a s e  i s  g i v e n  b y  KNOLL ( 1 9 7 9 )  a s
w h e r e  e  =  d i e l e c t r i c  c o n s t a n t  o f  s i l i c o n .
V *  a p p l i e d  r e v e r s e  v o l t a g e ,
e  =  e l e c t r o n i c  c h a r g e .
N -  d o p a n t  c o n c e n t r a t i o n  i n  t h e  b u l k  s i l i c o n ,
d  =  d e p t h  o f  d e p l e t i o n  r e g i o n .
T h e  c o n s i d e r a t i o n s  o f  C h a p t e r  2  s h o w  t h a t  t h e  d e t e c t o r  c a p a c i t a n c e  i s  
a n  i m p o r t a n t  q u a n t i t y ,  a n d  i t s  v a l u e  p e r  u n i t  a r e a  i s  g i v e n  b y
3 . 3
C,
D
3.4
- 26 -
Vg = Z e n e r  ( b r e a k d o w n )  v o l t a g e  ( of o r d e r  10 - 1 0 0  V )
F I G .  3.2. V - I  C h a r a c t e r i s t i c s  of a  P h o t o d i o d e .
N o t e  that V is t h e  potential a p p lied to the p layer relative 
to t h e  la ye r,  a n d  that t h e  s c a l e s  a re not linear.
I t  i s  d e s i r a b l e  t o  d e c r e a s e  t h e  c a p a c i t a n c e  a s  m u c h  a s  p o s s i b l e  i n  o r d e r  t o  
m i n i m i s e  t h e  c o r r e s p o n d i n g  n o i s e  c o n t r i b u t i o n  i n  t h e  f i r s t  s t a g e  o f  t h e  
p r e a m p l i f i e r  ( s e e  e q u a t i o n  2 . 2 0 ) .  I n  p r a c t i c e ,  a n  i n c r e a s e  i n  v o l t a g e  
c a u s e s  a  g r a d u a l  i n c r e a s e  i n  l e a k a g e  c u r r e n t  u n t i l  b r e a k d o w n  i s  r e a c h e d ,  
a n d  s o  t h e r e  w i l l  b e  a n  o p t i m u m  b i a s  l e v e l  r a n g e  f o r  a n y  p a r t i c u l a r  s e t  o f  
o p e r a t i n g  c o n d i t i o n s .
3 . 3 . 2  P H 0 T 0 C 0 N D U C T I V E  O P E R A T I O N
S i n c e  t h e  d r i f t  v e l o c i t y  o f  t h e  c h a r g e  c a r r i e r s  i s  p r o p o r t i o n a l  t o  
t h e  e l e c t r i c  f i e l d  a c r o s s  t h e  d e p l e t i o n  r e g i o n ,  p h o t o d i o d e s  a r e  u s u a l l y  
o p e r a t e d  w i t h  a  s u f f i c i e n t  r e v e r s e  b i a s  t o  e n s u r e  t h a t  t h e  t r a n s i t  t i m e  o f  
t h e  c a r r i e r s  ( f r o m  t h e  p o i n t  o f  c r e a t i o n  i n  t h e  l a t t i c e  t o  t h e  e l e c t r o d e )  
i s  k e p t  s i g n i f i c a n t l y  s h o r t e r  t h a n  t h e  c a r r i e r  l i f e t i m e  i n  t h e  
s e m i c o n d u c t o r  t o  a v o i d  r e c o m b i n a t i o n  a n d  t r a p p i n g .  T h i s  t y p e  o f  o p e r a t i o n  
i s  k n o w n  a s  t h e  p h o t o c o n d u c t i v e  m o d e ,  a n d  i s  p r e f e r r e d  f o r  p u l s e  h e i g h t  
a n a l y s i s ,  a s  t h e  c o l l e c t i o n  o f  g e n e r a t e d  c h a r g e  i s  b o t h  u n i f o r m  a n d  
c o m p l e t e .  T h e  p r i n c i p l e s  o f  p h o t o v o l t a i c  a n d  p h o t o c o n d u c t i v e  o p e r a t i o n  a r e  
s h o w n  i n  F i g u r e  3 . 3 .
3 . 3 . 3  A V A L A N C H E  O P E R A T I O N
T h e  c o n v e n t i o n a l  d i o d e  d e t e c t o r  h a s  o f t e n  b e e n  d e s c r i b e d  a s  t h e  
s o l i d  s t a t e  a n a l o g u e  o f  a  c o n v e n t i o n a l  g a s - f i l l e d  i o n i s a t i o n  c h a m b e r ,  t h e  
c o m m o n  p r i n c i p l e  b e i n g  t o  c o l l e c t  a l l  c h a r g e  c a r r i e r s  c r e a t e d  w i t h i n  a n  
a c t i v e  v o l u m e .  I n  t h e  s a m e  w a y ,  t h e  a v a l a n c h e  p h o t o d i o d e  m a y  b e  c o n s i d e r e d  
t h e  a n a l o g u e  o f  t h e  p r o p o r t i o n a l  c o u n t e r .  F i g u r e  3 . 4  s h o w s  h o w  t h e  
a v a l a n c h e  m e c h a n i s m  o c c u r s .  C a r r i e r s  c r e a t e d  n e a r  t h e  s u r f a c e  o f  t h e  
s i l i c o n  d i f f u s e  t o  a  h i g h  f i e l d  r e g i o n ,  c r e a t e d  b y  t h e  u s e  o f  e x t r e m e l y
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F I G .  3 . 3  a )  P h o t o v o l t a i c  . a n d  b )  P h o t o c o n d u c t i v e  
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p u r e  s i l i c o n ,  a n d  a r e  c o n s e q u e n t l y  a c c e l e r a t e d .  I f  t h e  f i e l d  i s  s t r o n g  
e n o u g h ,  t h e  o r i g i n a l  c a r r i e r  m a y  b e  a b l e  t o  p r o m o t e  a  s e c o n d  c a r r i e r  t o  t h e  
c o n d u c t i o n  b a n d .  B o t h  o f  t h e s e  c a r r i e r s  a r e  f u r t h e r  a c c e l e r a t e d  p r o d u c i n g  
m o r e  c a r r i e r s ,  a n d  s o  o n ,  w h e r e b y  g a i n s  o f  s e v e r a l  h u n d r e d  a r e  p o s s i b l e  
( S Q U I L L A N T E  e t  a l . ,  1 9 8 5 ) .  I t  i s  e v i d e n t  t h a t  a  m u c h  h i g h e r  v o l t a g e  t h a n  
n o r m a l  i s  r e q u i r e d ,  a n d  t h e  d e v i c e  m u s t  b e  s p e c i a l l y  d e s i g n e d  t o  s u p p o r t  
t h i s .
T h e  m a i n  a d v a n t a g e  o f  s u c h  d e v i c e s  i s  t h e  h i g h  s i g n a l  g a i n  w h i c h  c a n  
b e  a c h i e v e d ,  a l t h o u g h  g a i n  n o n - u n i f o r m i t y  c a n  b e  a  p r o b l e m .
A v a l a n c h e  p h o t o d i o d e s  h a v e  f o u n d  a p p l i c a t i o n s  i n  d i r e c t  d e t e c t i o n  o f  
s o f t  X - r a y s ,  a s  d e s c r i b e d  b y  M O LD OF SK Y ( 1 9 7 2 ) .  M o r e  r e c e n t l y ,  
s c i n t i l l a t i o n  d e t e c t o r s  u s i n g  a v a l a n c h e  p h o t o d i o d e s  h a v e  b e e n  f a b r i c a t e d ,  
a n d  8 . 5 %  r e s o l u t i o n  f o r  C s - 1 3 7  g a m m a  r a y s  ( 6 6 2  k e V )  u s i n g  a  2 5  mm d i a m e t e r  
N a l ( T l )  c r y s t a l  c o u p l e d  t o  a  s i m i l a r  s i z e d  p h o t o d i o d e  h a s  b e e n  r e p o r t e d  b y  
S Q U I L L A N T E  e t  a l .  ( 1 9 8 5 ) .  LE COMTE e t  a l .  ( 1 9 8 5 ) ,  a n d  L I G H T S T O N E  e t  a l .  
( 1 9 8 6 )  h a v e  b o t h  p r o p o s e d  t h e  u s e  o f  a v a l a n c h e  p h o t o d i o d e s  w i t h  f a s t  
i n o r g a n i c  s c i n t i l l a t o r s ,  s u c h  a s  B i s m u t h  G e r m a n a t e  ( B G O ) ,  f o r  p o s i t r o n  
e m i s s i o n  t o m o g r a p h y .
U n f o r t u n a t e l y ,  t h e r e  a r e  s e v e r a l  o b s t a c l e s  t o  t h e  w i d e s p r e a d  u s e  o f  
a v a l a n c h e  p h o t o d i o d e s  i n  t h i s  f i e l d .  M o s t  i m p o r t a n t l y ,  t h e y  a r e  e x t r e m e l y  
e x p e n s i v e ;  t h e  2 5  mm d i a m e t e r  d e v i c e  d e s c r i b e d  a b o v e  c o s t s  s e v e r a l  t h o u s a n d  
p o u n d s ,  a n d  i s  p r e s e n t l y  a v a i l a b l e  o n l y  i n  p r o t o t y p e  f o r m  ( R a d i a t i o n  
M o n i t o r i n g  D e v i c e s  I n c . ,  U S A ) .  I n  a d d i t i o n ,  m a i n s - 1 i n k e d  h i g h  v o l t a g e  
p o w e r  s u p p l i e s  o f  t h e  t y p e  r e q u i r e d  b y  p h o t o m u l t i p l i e r  t u b e s  m u s t  b e  u s e d  
t o  c o p e  w i t h  t h e  h i g h e r  o p e r a t i n g  c u r r e n t .
F I G . 3 . 4  T h e  C a r r i e r  M u l t i p l i c a t i o n  P r o c e s s  in 
A v a l a n c h e  P h o t o d i o d e s  .
3.4 CONSTRUCTION OF PHOTODIODES
T h e  c o n s t r u c t i o n s  o f  t h e  t h r e e  t y p e s  o f  p h o t o d i o d e  l i s t e d  a t  t h e  
b e g i n n i n g  o f  t h i s  c h a p t e r  a r e  s h o w n  i n  f i g .  3 . 5 .  T y p e  A  u s e s  a  
c o n v e n t i o n a l  j u n c t i o n  b e t w e e n  n a n d  p - t y p e  s i l i c o n .  I n  t h e  c a s e  o f  t h e  
d i f f u s e d  j u n c t i o n  d e t e c t o r ,  o n e  s t a r t s  w i t h  a  p  o r  n - t y p e  s u b s t r a t e ,  o n e  
s u r f a c e  o f  w h i c h  i s  t h e n  e x p o s e d  t o  a  v a p o u r  o f  t h e  o p p o s i t e  t y p e  o f  
i m p u r i t y  ( e . g .  p h o s p h o r o u s  o n  a  p  s u b s t r a t e ,  o r  b o r o n  o n  a n  n  s u b s t r a t e ) .  
T h e  d i f f u s e d  l a y e r  i s  0 . 1  -  2 . 0  m i c r o n s  t h i c k ,  a n d  b e c a u s e  o f  t h e  h e a v y  
d o p i n g  r e m a i n s  l a r g e l y  u n d e p l e t e d  w h e n  t h e  j u n c t i o n  i s  b i a s e d  ( s e e  3 . 2 ) .  
T h i s  c a n  r e s u l t  i n  an u n d e s i r a b l y  t h i c k  ' d e a d  l a y e r 1 a t  t h e  s u r f a c e  w h e r e  
g e n e r a t e d  c h a r g e  c a r r i e r s  r e c o m b i n e  b e f o r e  c o l l e c t i o n .
A n o t h e r  m e t h o d ,  m o r e  c o m m o n l y  u s e d  i n  r e c e n t  t i m e s ,  i s  t h a t  o f  i o n  
i m p l a n t a t i o n .  T h e  d o p i n g  i m p u r i t i e s  a r e  i n t r o d u c e d  i n t o  t h e  s u r f a c e  o f  t h e  
s u b s t r a t e  b y  e x p o s i n g  i t  t o  a  b e a m  o f  p h o s p h o r o u s  o r  b o r o n  i o n s  p r o d u c e d  i n  
a n  a c c e l e r a t o r .  T h e  t h i c k n e s s  o f  t h e  d o p e d  l a y e r  c a n  b e  a c c u r a t e l y  
c o n t r o l l e d  b y  v a r i a t i o n  o f  t h e  e n e r g y  o f  t h e  i o n s ,  a n d  l a y e r s  a s  t h i n  a s  
3 0  nm c a n  e a s i l y  b e  a t t a i n e d .  T h i s  t e c h n i q u e  a l s o  h a s  t h e  a d v a n t a g e  o f  
b e i n g  c a r r i e d  o u t  a t  a  l o w e r  t e m p e r a t u r e  t h a n  t h a t  r e q u i r e d  f o r  t h e  
d i f f u s e d  j u n c t i o n  p r o c e s s .  T h e  r e s u l t a n t  d e t e c t o r s  c o n s e q u e n t l y  t e n d  t o  b e  
m o r e  s t a b l e  a s  t h e  s t r u c t u r e  o f  t h e  c r y s t a l  h a s  b e e n  l e s s  d i s t u r b e d .  T h e  
f u l l  p r o c e s s  i s  d e s c r i b e d  b y  MAYER ( 1 9 6 8 ) ,  KEMMER ( 1 9 8 2 ) ,  VON BORANY  
( 1 9 8 3 ) ,  a n d  B U R GE R ( 1 9 8 4 ) .  T h e  d i o d e s  u s e d  i n  t h i s  r e s e a r c h  w e r e  a l l  o f  
t h e  i o n  i m p l a n t e d  t y p e ,  a n d  w e r e  u s u a l l y  o f  t h e  s o - c a l l e d  p - i - n  s t r u c t u r e .  
I n  f a c t ,  t h e  l a y e r  r e f e r r e d  t o  a s  i  ( i n t r i n s i c )  a c t u a l l y  d i s p l a y s  w e a k  
n - t y p e  b e h a v i o u r .  I n t r i n s i c  s i l i c o n  i s  v i r t u a l l y  i m p o s s i b l e  t o  r e a l i s e  i n  
p r a c t i c e ,  a s  e v e n  m i n i s c u l e  c o n c e n t r a t i o n s  o f  i m p u r i t i e s  w i l l  a f f e c t  i t ' s  
b e h a v i o u r .  T h e  p a p e r  b y  v o n  AMON a n d  H E R Z E R  ( 1 9 8 4 )  d e s c r i b e s  h o w  t h i s  h i g h  
p u r i t y  s i l i c o n  i s  p r o d u c e d .  A  m o r e  a p p r o p r i a t e  d e s c r i p t i o n  o f  t h i s  t y p e  o f
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s t r u c t u r e  m i g h t  t h e r e f o r e  b e  p  - n - n  ,  b u t  t h e  m a n u f a c t u r e r ' s  a p p e l l a t i o n  
w i l l  b e  u s e d  i n  t h i s  t e x t .  O n e  w a y  o f  d e f i n i n g  t h e  p u r i t y  o f  a  
s e m i c o n d u c t o r  i s  b y  i t s  r e s i s t i v i t y .  T h e  t h e o r e t i c a l  r e s i s t i v i t y  o f  
i n t r i n s i c  s i l i c o n  i s  2 0 0 0 , 0 0 0  o h m  c m .  T h e  h i g h e s t  v a l u e  a c h i e v a b l e  a t  
p r e s e n t  i s  a b o u t  5 0 , 0 0 0  o h m  c m ,  a n d  d e t e c t o r  g r a d e  m a t e r i a l  i s  m o r e  l i k e l y  
t o  b e  i n  t h e  1 , 0 0 0  -  1 0 , 0 0 0  o h m  c m  r a n g e .  A n  i m p o r t a n t  f e a t u r e  o f  p - i - n  
d i o d e s  i s  t h a t  t h e  ' i n t r i n s i c '  l a y e r  c o m p r i s e s  a l m o s t  t h e  e n t i r e  d e p l e t i o n  
r e g i o n ,  a n d  t h u s  t h e  d e t e c t o r  h a s  a  l a r g e l y  c o n s t a n t  d e p l e t i o n  d e p t h  ( a n d  
h e n c e  c a p a c i t a n c e )  o v e r  a  w i d e  r a n g e  o f  o p e r a t i n g  v o l t a g e s .
O x i d e  l a y e r s  a n d  d e f e c t s  a t  t h e  s u r f a c e  o f  a  s e m i c o n d u c t o r  c a n  a c t  a s  
a  r e g i o n  o f  h i g h l y  c o n c e n t r a t e d  e l e c t r o n  t r a p s ,  b e h a v i n g  s i m i l a r l y  t o  a  
p - t y p e  l a y e r .  S c h o t t k y  o r  s u r f a c e  b a r r i e r  d e t e c t o r s  u s e  a  g o l d  m e t a l l i c  
l a y e r  w h i c h  a c t s  a s  a  c o n t a c t ,  a n d  t h e  s u r f a c e  o x i d e  l a y e r  f o r m s  a  d e p l e ­
t i o n  r e g i o n .  A  c o m p l e t e  d e s c r i p t i o n  o f  t h e  p r o d u c t i o n  p r o c e s s  i s  g i v e n  b y  
H A N S E N  e t  a l .  ( 1 9 7 2 ) .  S u r f a c e  b a r r i e r  d e t e c t o r s  a r e  f a v o u r e d  f o r  c h a r g e d  
p a r t i c l e  s p e c t r o s c o p y  t h r o u g h  d i r e c t  d e t e c t i o n ,  a s  t h e  d e a d  l a y e r  i s  v e r y  
t h i n .  L a r g e  l e a k a g e  c u r r e n t s  m e a n  t h a t  t h i s  t y p e  o f  d i o d e  i s  n o w  b e c o m i n g  
l e s s  p o p u l a r ,  ( t h o u g h  n e w e r  d e s i g n s  c l a i m  t o  h a v e  a c h i e v e d  l o w e r  l e a k a g e ) .
A v a l a n c h e  d i o d e s  a r e  u s u a l l y  o f  t h e  d i f f u s e d  j u n c t i o n  d e s i g n ,  b u t  
t h e i r  g e o m e t r y  i s  o f  a  ' b e v e l l e d '  t y p e ,  i n  o r d e r  t o  s u p p o r t  a  v e r y  h i g h  
e l e c t r i c  f i e l d  w i t h i n  t h e  d e v i c e ,  w h i l e  k e e p i n g  t h e  f i e l d  a t  t h e  e d g e s  
c o m p a r a t i v e l y  w e a k  t o  a v o i d  s p o n t a n e o u s  s u r f a c e  b r e a k d o w n .  F o r  f u r t h e r  
i n f o r m a t i o n  s e e  HUTH ( 1 9 6 6 ) .
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3 . 5  QUANTUM E F F I C I E N C Y  O F  A L I G H T  D E T E C T O R
T h e  q u a n t u m  e f f i c i e n c y  o f  a  l i g h t  d e t e c t o r  c a n  b e  d e f i n e d  a s  t h e  
f r a c t i o n  o f  p h o t o n s  f a l l i n g  o n  t h e  s e n s i t i v e  a r e a s  o f  t h e  d e v i c e  w h i c h  g i v e  
r i s e  t o  p h o t o e l e c t r o n s  c o n t r i b u t i n g  t o  t h e  o u t p u t  s i g n a l .  A n y  
n o n u n i f o r m i t y  i n  q u a n t u m  e f f i c i e n c y  c a n  c o n t r i b u t e  t o  r e s o l u t i o n  l o s s  i n  a  
s c i n t i l l a t i o n  d e t e c t o r .  B R E N N E R  e t  a l .  ( 1 9 8 2 )  q u o t e  v a r i a t i o n s  o f  a b o u t  5% 
a c r o s s  a  t y p i c a l  p h o t o m u l t i p l i e r  p h o t o c a t h o d e .  P h o t o d i o d e s  a r e  n o t  t h o u g h t  
t o  b e  s i g n i f i c a n t l y  a f f e c t e d  b y  t h i s  f a c t o r .  T h u s  i t  i s  p o s s i b l e  t o  
' t a i l o r 1 t h e  q u a n t u m  e f f i c i e n c y  o f  t h e  d i o d e  t o  s o m e  e x t e n t  o v e r  t h e  
w a v e l e n g t h  r a n g e ,  a c c o r d i n g  t o  a p p l i c a t i o n .
I n  t h e  c a s e  o f  s i l i c o n  p h o t o d i o d e s ,  t h e  w a v e l e n g t h  ( a n d  h e n c e  e n e r g y )  
o f  t h e  i n c i d e n t  p h o t o n  h a s  a n  i m p o r t a n t  b e a r i n g  h e r e ,  s i n c e  p h o t o n s  o f  
e n e r g y  l o w e r  t h a n  a b o u t  1 . 1  e V  ( w a v e l e n g t h  1 1 0 0  n m )  a r e  n o t  o f  s u f f i c i e n t  
e n e r g y  t o  c a u s e  a  v a l e n c e  b a n d  t o  c o n d u c t i o n  b a n d - t r a n s i t i o n .  A t  t h e  o t h e r  
e n d  o f  t h e  s p e c t r u m ,  b l u e  a n d  n e a r  u l t r a - v i o l e t  p h o t o n s  w h i c h  h a v e  m o r e  
t h a n  e n o u g h  e n e r g y  t o  c a u s e  t r a n s i t i o n s ,  a r e  f o u n d  t o  b e  i n e f f i c i e n t  a t  
c r e a t i n g  c h a r g e  c a r r i e r s  w h i c h  c a n  b e  o b s e r v e d .  T h i s  i s  b e c a u s e  t h e  l i n e a r  
a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  e n t r a n c e  l a y e r ,  a ,  i n c r e a s e s  s t r o n g l y  a t  
s h o r t e r  w a v e l e n g t h s  a n d  s o  l i t t l e  o f  t h e  l i g h t  m a y  p e n e t r a t e  t o  t h e  
d e p l e t i o n  r e g i o n .  M a n y  o f  t h e  c a r r i e r s  c r e a t e d  c l o s e  t o  t h e  s u r f a c e  i n  
t h i s  w a y  w i l l  b e  l o s t  b y  r e c o m b i n a t i o n ,  a s  t h e r e  i s  n o  e l e c t r i c  f i e l d  i n  
t h i s  n e a r - s u r f a c e  r e g i o n  t o  p r o m o t e  c h a r g e  c o l l e c t i o n .  A  g r a p h  o f  1 / a ,  o r  
' p e n e t r a t i o n  d e p t h '  a g a i n s t  w a v e l e n g t h  i s  s h o w n  i n  f i g .  3 . 6 .
T o  h e l p  c o m b a t  t h e s e  f a c t o r s ,  t h e  d o p e d  s u r f a c e  l a y e r  i s  m a c k  a s  t h i n  
a s  p o s s i b l e ,  a n d  a l s o  a n  a n t i  r e f l e c t i v e  o x i d e  c o a t i n g  i s  t h e r m a l l y  g r o w n  a t  
t h e  s u r f a c e  o f  t h e  s i l i c o n .  T h i s  p r o c e s s ,  h o w e v e r ,  m a y  a c t u a l l y  r e d u c e  t h e  
q u a n t u m  e f f i c i e n c y  a t  s o m e  w a v e l e n g t h s .  T h e  t r a n s m i s s i o n  c o e f f i c i e n t  
d e p e n d s  o n  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  t h i c k n e s s  o f  t h e  S i 0 2  l a y e r ,  x ,  a n d
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PENETRATION (H D D S
HAVELENGTH (NAN0H1ESI
. . F I G .  3.6. P e n e t r a t i o n  d e p t h  o f  l i g h t  in s i l ic on . 
( C E N T R O N I C S  , u n d a t e d )
t h e  w a v e l e n g t h ,  w h i c h  i s  d e s c r i b e d  b y  H A N S E N  ( 1 9 8 5 )  a s ;
f o r  m a x i m u m  t r a n s m i s s i o n :  x  =  J L  ,  m =  1 , 3 , 5  . . .
4 n
f o r  m m i m u m  t r a n s m i s s i o n :  x  =  J L  ,  m =  1 , 2 , 3  . . .
2 n
w h e r e  n  =  r e f r a c t i v e  i n d e x  o f  s i l i c o n  ( r e a l  p a r t ) .
3 . 6  C H A R A C T E R I S T I C S  O F  D I O D E S  U S E D
A l a r g e  n u m b e r  o f  e l e c t r o n i c s  c o m p a n i e s  m a r k e t  r a n g e s  o f  s i l i c o n  
p h o t o d i o d e s .  I n i t i a l  e n q u i r i e s  t o  f i f t e e n  o f  t h e s e  p r o v i d e d  i n f o r m a t i o n
w h i c h  e n a b l e d  a  s e l e c t i o n  t o  b e  m a d e  o f  t h o s e  p r o d u c t s  m o s t  l i k e l y  t o  b e  o f
u s e  f o r  d e t e c t i o n  o f  i o n i s i n g  r a d i a t i o n .  D a t a  a r e  g i v e n  f o r  t h o s e  d e v i c e s  
w h i c h  w e r e  s e l e c t e d  f o r  e v a l u a t i o n ,  a l o n g  w i t h  s o m e  s a m p l e s  w h i c h  a r e  
c o n s i d e r e d  t o  b e  r e p r e s e n t a t i v e  o f  s e v e r a l  o t h e r  m a n u f a c t u r e r s .  T h e  
c r i t e r i a  f o r  s e l e c t i o n  a r e  a l s o  d e s c r i b e d ,  a n d  t h e  r e s u l t s  o f  p r a c t i c a l  
m e a s u r e m e n t s  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  s e l e c t e d  d i o d e s  i s  a l s o  
p r e s e n t e d .
3 . 6 . 1  S E L E C T I O N  O F  D I O D E S
T a b l e  3 . 1  g i v e s  c h a r a c t e r i s t i c s  t a k e n  f r o m  m a n u f a c t u r e r s  d a t a ,  a n d  
l i s t s  t h e  c a l c u l a t e d  m i n i m u m  e x p e c t e d  e l e c t r o n i c  n o i s e  ( u s i n g  e q u a t i o n  
2 . 1 8 ) ,  a s s u m i n g  a  s h a p i n g  t i m e  o f  3  m i c r o s e c o n d s  ( s u f f i c i e n t  f o r  t h e  
c o l l e c t i o n  o f  s c i n t i l l a t i o n  l i g h t  f r o m  a n y  o f  t h e  p r i n c i p a l  s c i n t i l l a t o r s  
i n  m o d e r n  u s e ,  s e e  C h a p t e r  5 ) ,  a n d  t h e  p r e a m p l i f i e r  p a r a m e t e r s  o f  t h e  O R T E C  
1 2 5 .
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D I O D E A R E A  ( m m 2 ) C A P A C I T A N C E  ( p F ) L E AK AG E ( n A ) ENC ( e " R M S )
EG & G S G D 4 4 4 1 0 0 8 0 2 0 0 2 8 3 0
C E N T R O N I C
O S D  1 0 0 1 0 0 1 5 0 8 0 0 5 2 9 0
O S D  5 0 5 0 8 0 3 5 0 3 4 9 0
HAMAMATSU
S 1 7 9 0 - 0 1 1 0 0 7 0 ' 3  ■ 4 6 0  ' •
S 2 4 6 3 3 0 2 0 1 0 6 1 0
M I C R O N  S E M I .
M S P  1 1 0 0 1 0 0 2 5 1 3
M S P  5 2 5 2 0 2 3 1 0
A S  M I C R O E L
A E  9 8 6  I 5 0 2 0 0 . 5 - 7 . 5 2 1 0 - 5 4 0
. E N E R T E C
( U N D E S I G N A T E D ) 1 0 0 4 0 3 3 9 0
T A B L E  3 . 1  D i o d e  c h a r a c t e r i s t i c s  g i v e n  b y  v a r i o u s  m a n u f a c t u r e r s ,  a n d  
c a l c u l a t e d  t y p i c a l  n o i s e  l e v e l s .
N o t e :  L e a k a g e  c u r r e n t s  a n d  c a p a c i t a n c e s  a r e  t h o s e  q u o t e d  a t
f u l l  d e p l e t i o n  v o l t a g e ,  2 9 3  K ,  a n d  3  p s  s h a p i n g  t i m e .
T h e  p r i n c i p l e  c r i t e r i a  f o r  s e l e c t i o n  w e r e  t h a t  t h e  d i o d e  s h o u l d  h a v e  a  
l a r g e  e n o u g h  a c t i v e  a r e a  t o  a l l o w  d i r e c t  c o u p l i n g  t o  a  s c i n t i l l a t o r  o f  
u s e f u l  s i z e  w h i l e  h a v i n g  a s  l o w  a  n o i s e  l e v e l  a s  p o s s i b l e .  T h e  q u a n t u m
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e f f i c i e n c y  o f  t h e  d i o d e s  w a s  n o t  i n i t i a l l y  t a k e n  i n t o  c o n s i d e r a t i o n .  T h o s e  
d i o d e s  w h i c h  w e r e  e v e n t u a l l y  s e l e c t e d  ( b e l o w  t h e  d o u b l e  l i n e  i n  t h e  t a b l e )  
a l l  h a v e  e x p e c t e d  n o i s e  l e v e l s  o f  a l m o s t  a n  o r d e r  o f  m a g n i t u d e  b e t t e r  t h a n  
t h o s e  o t h e r s  l i s t e d  b y  t h e s e  a n d  o t h e r  m a n u f a c t u r e r s  a n d  l i g h t  s e n s i t i v e  
s u r f a c e  a r e a s  o f  a t  l e a s t  2 5  mm2 .  T h e  q u a n t u m  e f f i c i e n c i e s  a s  r e p o r t e d  b y  
S A K A I  ( 1 9 8 7 )  o f  t h e  d i o d e  t y p e  m a i n l y  u s e d  i n  t h i s  r e s e a r c h  i s  s h o w n  i n  
f i g .  3 . 7 ,  w h i c h  a l s o  i n c l u d e s  t h e  p h o t o c a t h o d e  r e s p o n s e  o f  a  t y p i c a l  
p h o t o m u l t i p l i e r  t u b e  f o r  c o m p a r i s o n .  S o m e  o t h e r  s m a l l  a r e a  d i o d e s  w e r e  
a l s o  i n v e s t i g a t e d ,  a n d  t h e s e  a r e  m e n t i o n e d  w h e r e  a p p r o p r i a t e  i n  t h e  t e x t .
v
3 . 7  M E AS U R E M E N T  O F  D I O D E  C H A R A C T E R I S T I C S
T h e  v a r i a t i o n  o f  c a p a c i t a n c e  a n d  l e a k a g e  c u r r e n t  w i t h  r e v e r s e  b i a s  w a s  
m e a s u r e d  f o r  s a m p l e s  o f  t h e  s e l e c t e d  d i o d e s  u s i n g  a  K E I T H L E Y  6 1 7  d i g i t a l  
e l e c t r o m e t e r .  L e a k a g e  c u r r e n t  w a s  a l s o  c o n v e n i e n t l y  m e a s u r e d  b y  o b s e r v i n g  
t h e  v o l t a g e  d r o p  ( i n  m V )  a c r o s s  a  1  M o h m  r e s i s t o r  i n  s e r i e s  w i t h  t h e  
d i o d e ,  u s i n g  a  h i g h  i m p e d a n c e  d i g i t a l  v o l t m e t e r .
T h e  c a p a c i t a n c e ,  w h i c h  i s  a  . f u n c t i o n  o f  t h e  e f f e c t i v e  p h y s i c a l  
d i m e n s i o n s  o f  t h e  d e v i c e ,  w a s  f o u n d  t o  f a l l  w i t h  i n c r e a s i n g  r e v e r s e  b i a s  
u r v t i 1 t h e  p o i n t  o f  f u l l  d e p l e t i o n .  A f t e r  t h i s  p o i n t ,  t h e  c a p a c i t a n c e  
r e m a i n e d  a p p r o x i m a t e l y  c o n s t a n t ,  a t  a  v a l u e  c l o s e  t o  t h e  m a n u f a c t u r e r ' s  
s p e c i f i c a t i o n  i n  e v e r y  c a s e .  T h e  d a t a  o b t a i n e d  f o r  s o m e  s e l e c t e d  d i o d e s  i s  
s h o w n  i n  f i g .  3 . 8 .
L e a k a g e  c u r r e n t s  w e r e  f o u n d  t o  b e  l e s s  c o n s i s t e n t ;  s m a l l  s t r u c t u r a l  
d e f e c t s  a n d  l o w  l e v e l  c o n t a m i n a t i o n  c a u s e d  i n  t h e  m a n u f a c t u r i n g  p r o c e s s  c a n  
r e s u l t  i n  v a r i a t i o n s  i n  l e a k a g e  c u r r e n t  b e t w e e n  s i m i l a r  d e v i c e s  o f  u p  t o  a  
f a c t o r  o f  2 0 0  ( A . S .  M I C R O E L E C T R O N I C S  f i g u r e s ) .  C o n s e q u e n t l y ,  d i o d e s  
c l a i m e d  b y  m a n u f a c t u r e r s  t o  b e  i d e n t i c a l  w e r e  f o u n d  t o  b e  l i a b l e  t o  
s i g n i f i c a n t  v a r i a t i o n .  T h e  l e a k a g e  c u r r e n t s  o f  s e v e r a l  t y p e s  o f  d i o d e  a s  a
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Q u a n t u m  efficiency ( % )
F 1 G . 3 . 7 Q u a n t u m  E f f i c i e n c i e s  o f  L i q h t  D e t e c t o r s , a n d  
E m i s s i o n  S p e c t r u m  of C * I ( T l )
t S a k a i  (1 9 8 7 )
1 1  T h o r n  E M i  (1 9 8 4 )
G r a s s  m a n  et. al. ( 1 9 8 5 ) .  S h o w n  in
A r b i t r a r y  U n i t s  ( s e e  c h a p t e r  5  )_.
f u n c t i o n  o f  r e v e r s e  b i a s  a r e  s h o w n  i n  f i g .  3 . )  T h e  r e s u l t s  i n d i c a t e  t h a t  
s o m e  c o m p a n i e s  c l a i m  p e r f o r m a n c e s  w h i c h  c a n  o n l y  b e  d e s c r i b e d  a s  o p t i m i s t i c  
c o m p a r e d  w i t h  t h o s e  f o u n d  i n  p r a c t i c e ,  b u t  H a m a m a t s u  s e e m  t o  b e  r a t h e r  
c o n s e r v a t i v e ,  o f t e n  a c h i e v i n g  b e t t e r  r e s u l t s  t h a n  t h e  s p e c i f i c a t i o n .  I t  
w a s  o n  t h e  b a s i s  o f  t h e s e  c o n s i d e r a t i o n s  t h a t  t h e  d e c i s i o n  t o  c o n c e n t r a t e  
a t t e n t i o n  o n  t h e  H a m a m a t s u  d i o d e s  i n  t h i s  r e s e a r c h  w a s  m a d e .  A  m o r e  
c o m p r e h e n s i v e  d e s c r i p t i o n  o f  t h e  S 1 7 9 0  d i o d e  h a s  r e c e n t l y  b e e n  p u b l i s h e d  b y  
YAMAMOTO ( 1 9 8 7 ) .
T h e  r e s u l t s  i n  f i g .  3 . ! O a l s o  s h o w  t h a t  t h e  l e a k a g e  c u r r e n t  o f  s o m e  
d i o d e s  m a y  i n c r e a s e  w i t h  t i m e .  B I A N  e t  a l .  ( 1 9 8 6 a , b )  h a s  a l s o  r e p o r t e d  
t h i s  p h e n o m e n o n .  I t  s e e m s  l i k e l y  t h a t  m i c r o s c o p i c  s u r f a c e  c o n t a m i n a t i o n  o r  
d a m a g e  w a s  r e s p o n s i b l e ,  a s  l a t e r  t y p e s  f u l l y  e n c a s e d  i n  o p t i c a l l y  t r a n s ­
p a r e n t  r e s i n  d i d  n o t  e x h i b i t  t h i s  b e h a v i o u r .  On  t h e  a d v i c e  o f  m e m b e r s  o f  
t h e  P h y s i c s  D e p a r t m e n t  O p t o e l e c t r o n i c  D e v i c e s  a n d  M a t e r i a l s  r e s e a r c h  g r o u p ,  
i t  w a s  f o u n d  t h a t  s u r f a c e  c o n t a m i n a t i o n  c o u l d  i n  s o m e  c a s e s  b e  r e m o v e d  b y  
d o w s i n g  t h e  d i o d e  w i t h  t r i c h l o r o e t h y l e n e .  T h i s  w a s  o f  n o  a v a i l ,  h o w e v e r ,  
i f  a n y  i o n i c  s u b s t a n c e ,  i n c l u d i n g  a l k a l i  h a l i d e  s c i n t i l l a t o r s ,  w e r e  a l l o w e d  
t o  c o m e  i n t o  c o n t a c t  w i t h  t h e  s i l i c o n ,  a s  a l k a l i  i o n s  a r e  e x t r e m e l y  m o b i l e  
a b o u t  t h e  s i l i c o n  l a t t i c e  a n d  c a n  c a u s e  a  c a t a s t r o p h i c  i n c r e a s e  i n  l e a k a g e  
c u r r e n t .  L e a k a g e  c a u s e d  b y  m a j o r  s c r a t c h i n g  o f  t h e  s u r f a c e  v i s i b l e  t o  t h e  
n a k e d  e y e  w a s  a l s o  i n c u r a b l e ,  a n d  c a u s e d  t h e  l e a k a g e  o f  a n  S 1 7 9 0  s a m p l e  t o  
i n c r e a s e  t o  m i c r o a m p  l e v e l s  u n d e r  b i a s ,  e f f e c t i v e l y  r e n d e r i n g  i t  u s e l e s s .
c m m i E  (picofarads}
1E0 1E1 1£2
flEVBBE BIAS IV)
F I G .  3.8, D i o d e  c a p a c i t a n c e .
1 -  E n e r t e c  p-i-n d i o d e
2 - S  1 7 9 0
3  - M S P  1
.4 - M S P  5 __________________________________
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F I G .  3.9. D i o d e  l e a k a g e  ( d a r k )  c u r r e n t .
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F I G .  3.10 L e a k a g e  c u r r e n t  o f  H a m a m a t s u  d i o d e s .
r -
3  s a m p l e s  o f  t h e  S 1 7 9 0  d i o d e .2 - 
3 -
4 ~ s a m p l e  six m o n t h s  later.
CHAPTER 4
D I R E C T  D E T E C T I O N  O F  I O N I S I N G  R A D I A T I O N  U S I N G  P H O T O D I O D E S
S o l i d  s t a t e  d i o d e  d e t e c t o r s  h a v e  b e e n  u s e d  t o  d e t e c t  c h a r g e  p u l s e s
c a u s e d  b y  i o n i s i n g  r a d i a t i o n s  f o r  o v e r  t h i r t y  y e a r s .  MAYER a n d  G O S S I C
( 1 9 5 6 )  s h o w e d  t h a t  t h e  n u m b e r  o f  c h a r g e  c a r r i e r s  c r e a t e d  i n  t h e  d e p l e t i o n
r e g i o n  o f  a  g e r m a n i u m  s u r f a c e  b a r r i e r  d i o d e  b y  a n  a l p h a  p a r t i c l e  i s
d i r e c t l y  p r o p o r t i o n a l  t o  i t s  e n e r g y ,  a n d  o b t a i n e d  1 2%  e n e r g y  r e s o l u t i o n  f o r  
2 1 2
P o  a l p h a  p a r t i c l e s .  B A I L E Y  e t  a l .  ( 1 9 6 2 )  e x t e n d e d  t h i s  w o r k  t o  c o v e r  
d e t e c t i o n  o f  m o r e  p e n e t r a t i n g  r a d i a t i o n s  i n c l u d i n g  b e t a  p a r t i c l e s ,  i n t e r n a l  
c o n v e r s i o n  e l e c t r o n s  a n d  g a m m a  r a y s ,  u s i n g  a  s i l i c o n  d i o d e  o f  p - i - n  
c o n f i g u r a t i o n .
I n i t i a l l y ,  t h e  d i r e c t  d e t e c t i o n  e x p e r i m e n t s  r e p o r t e d  h e r e  w e r e  
p e r f o r m e d  f o r  t w o  p u r p o s e s ;  f i r s t l y  t o  g a i n  s o m e  e x p e r i e n c e  i n  d e t e c t i n g  
c h a r g e  p u l s e s  f r o m  p h o t o d i o d e s ,  a n d  s e c o n d l y  t o  f i n d  o u t  w h e t h e r  d i r e c t  
d e t e c t i o n  e v e n t s  w o u l d  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  o b s e r v e d  p u l s e  
h e i g h t  d i s t r i b u t i o n  w h e n  t h e  d i o d e  i s  u s e d  t o  d e t e c t  s c i n t i l l a t i o n  e v e n t s .  
I n  t h e  e v e n t ,  t h e  r e s u l t s  o b t a i n e d  w e r e  f o u n d  t o  b e  o f  s u r p r i s i n g l y  h i g h  
q u a l i t y ,  a n d  i t  w a s  d e c i d e d  t o  m a k e  a  m o r e  d e t a i l e d  s t u d y  o f  t h e  u s e  o f  
p h o t o d i o d e s  a s  r a d i a t i o n  d e t e c t o r s  i n  t h e i r  o w n  r i g h t .  S o m e  o f  t h e  r e s u l t s  
d e s c r i b e d  i n  t h i s  c h a p t e r  h a v e  b e e n  p u b l i s h e d  b y  GOODA a n d  G I L B O Y  ( 1 9 8 7 ) ,  
s e e  A p p e n d i x  B .
4 . 1  A L P H A  P A R T I C L E  S P E C T R O S C O P Y
I f  e n t r a n c e  w i n d o w  a b s o r p t i o n  i s  t o l e r a b l e ,  a l p h a  p a r t i c l e s  p r o v i d e  a  
u s e f u l  s o u r c e  o f  l a r g e  c h a r g e  p u l s e s  i n  s e m i c o n d u c t o r  d i o d e s ,  w h i c h  h a v e  
h i s t o r i c a l l y  b e e n  w i d e l y  u s e d  f o r  t h e i r  d e t e c t i o n  a n d  s p e c t r o s c o p y .  A t
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n a t u r a l l y  a v a i l a b l e  r a d i o n u c l i d e  e n e r g i e s  ( 4 . 0  -  8 . 8  M e V ) ,  l i n e  b r o a d e n i n g  
o f  t h e  s p e c t r a l  p e a k s  w a s  e x p e c t e d  t o  b e  m a i n l y  d u e  t o  s u c h  f a c t o r s  a s  
v a r i a t i o n s  i n  d e a d  l a y e r  e n e r g y  l o s s  ( i n c l u d i n g  l o s s  i n  a n y  u n d e p l e t e d  
s i l i c o n  a t  t h e  s u r f a c e  o f  t h e  d i o d e  a s  w e l l  a s  s o m e  l o s s  i n  t h e  s o u r c e  
i t s e l f ) ,  a n d  i n c o m p l e t e  c h a r g e  c o l l e c t i o n ,  w h i c h  t o g e t h e r  w i t h  e l e c t r o n i c
n o i s e  t e n d  t o  s w a m p  t h e  s t a t i s t i c a l  v a r i a t i o n s  i n  t h e  n u m b e r  o f  e l e c t r o n -
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- h o l e  p a i r s  i n  p r a c t i c a l  c a s e s .  A s  a n  e x a m p l e ,  i n  t h e  c a s e  o f  Am a l p h a
p a r t i c l e s  a t  5 . 4 8 6  M e V ,  t h e  s t a t i s t i c a l  s p r e a d  i n  t h e  n u m b e r  o f  c h a r g e
c a r r i e s  g e n e r a t e d  i s  g i v e n  b y
a  2 -  FN s  FE  
W
w h e r e  F =  F a n o  f a c t o r  ( 0 . 0 8 4  f o r  $ i )
W =  3 . 6 2  e V  p e r  e l e c t r o n  h o l e  p a i r ,  
s o  a s  3 5 7  e l e c t r o n s  i n  t h e  s i g n a l ,  e q u i v a l e n t  t o  a n  e n e r g y  s p r e a d  o f  3 . 0 4  
k e V  ( F W H M ) .  T h i s  i s  c l e a r l y  a  s m a l l  c o n t r i b u t i o n  t o  t h e  e n e r g y  r e s o l u t i o n  
o f  m o s t  s e m i c o n d u c t o r  d e t e c t o r s  ( 1 2  -  2 0  k e V  F W HM ) .
4 . 1 . 1  E X P E R I M E N T A L  P R OC E D U R E
A  c o m p l e t e  a l p h a - s p e c t r o s c o p y  s y s t e m  b a s e d  o n  a  c o n v e n t i o n a l  s i l i c o n  
s u r f a c e  b a r r i e r  d e t e c t o r  w a s  a v a i l a b l e  i n  t h e 1" U n i v e r s i t y  o f  S u r r e y  
R a d i a t i o n  L a b o r a t o r y .  T h e  s u r f a c e  b a r r i e r  d i o d e  w a s  r e m o v e d  f r o m  t h e  
v a c u u m  c h a m b e r ,  a n d  r e p l a c e d  b y  a  1 0  x  1 0  ( m m )  H a m a m a t s u  S 1 7 9 0  d i o d e .  T h e  
c o m p l e t e  e x p e r i m e n t a l  a r r a n g e m e n t  i s  i l l u s t r a t e d  i n  F i g u r e  4 . 1 .  A  
s t a b i l i s e d  h i g h  v o l t a g e  p o w e r  s u p p l y  w a s  u s e d  t o  b i a s  t h e  d i o d e  ,  a l t h o u g h  
o n l y  a b o u t  2 0  V w a s  a c u t a l l y  r e q u i r e d ,  a n d  a  l a r g e  l o a d  r e s i s t o r  i n  t h e  
p r e - a m p l i f i e r  ( 1 0 0  MS2) e n s u r e d  t h a t  t h e  a c c i d e n t a l  a p p l i c a t i o n  o f  s e v e r a l  
h u n d r e d  v o l t s  c o u l d  b e  t o l e r a t e d  w i t h o u t  r i s k  o f  p e r m a n e n t  d a m a g e  t o  t h e  
d i o d e .  T h e  m a i n  a m p l i f i e r  w a s  s e t  t o  a  s h a p i n g  t i m e  c o n s t a n t  o f  4  u s
-  3 7  -

a l t h o u g h  s e t t i n g s  b e t w e e n  2  p s  a n d  8  p s  g a v e  v e r y  s i m i l a r  r e s u l t s  d u e  t o  
t h e  l a r g e  n u m b e r  o f  s i g n i f i c a n t  s p r e a d i n g  f a c t o r s  o t h e r  t h a n  e l e c t r o n i c  
n o i s e .  T w o  d i f f e r e n t  l i n e a r  a m p l i f i e r s  w e r e  u s e d  i n  t u r n  t o  p r o v i d e  a  
l a r g e  n u m b e r  o f  s h a p i n g  t i m e s .  G o o d  e a r t h i n g  w a s  f o u n d  t o  b e  a n  i m p o r t a n t  
r e q u i r e m e n t  f o r  t h e  m i n i m i s a t i o n  o f  e l e c t r o n i c  n o i s e .  A n  o c c a s i o n a l  ( a n d  
u s u a l l y  m a i n s - 1 i n k e d )  t e n d e n c y  t o  o s c i l l a t i o n  s o m e t i m e s  p o s e d  p r o b l e m s ,  a n d  
s i g n a l s  p i c k e d  u p  f r o m  d e v i c e s  s u c h  a s  c o m p u t e r  m o n i t o r s  a n d  p r i n t e r s  c o u l d  
s o m e t i m e s  b e  d e m o n s t r a t e d  o n  a n  o s c i l l o s c o p e .  I t  w a s  u s u a l l y  p o s s i b l e  t o  
e l i m i n a t e  t h o s e  e x t r a  s o u r c e s  o f  n o i s e  b y  c a r e f u l  p o s i t i o n i n g  o f  t h e  
d e t e c t o r  v a c u u m  c h a m b e r ,  a n d  w i t h  t h e  a d d i t i o n  o f  a n  e a r t h i n g  w i r e  b e t w e e n
t h e  t w o  p a r t s  o f  t h e  c h a m b e r  w h i c h  a r e  u s u a l l y  i n s u l a t e d  f r o m  e a c h  o t h e r  b y
a  r u b b e r  s e a l  s m e a r e d  w i t h  v a c u u m  g r e a s e .
W i t h  t h e  c h a m b e r  e v a c u a t e d ,  a  t r i p l e  r a d i o n u c l i d e  s o u r c e  c o n s i s t i n g  o f
a  m e t a l  d i s c  w i t h  a  t h i n  e l e c t r o - d e p o s i t e d  r e g i o n  o f  3 . 7  x  1 0 ^  B q  o f  
2 3 9 P u ,  3 . 7  x  1 0 ^  B q  o f  2 ^ A m ,  a n d  1 . 8  x  1 0 ^  B q  o f  2 ^ C m  w a s  u s e d  t o  t e s t  
t h e  r e s p o n s e  o f  t h e  d i o d e  t o  a l p h a  p a r t i c l e s .  T h e  r e s u l t s  o b t a i n e d  ( s e e  
4 . 1 . 2 )  w e r e  o f  s u f f i c i e n t  q u a l i t y  f o r  t h i s  t y p e  o f  d e t e c t o r  t o  b e  
c o n s i d e r e d  f o r  a l l  f u t u r e  a p p l i c a t i o n s  t o  d i r e c t  r a d i a t i o n  d e t e c t i o n ,  
p a r t i c u l a r l y  s i n c e  t h e s e  p h o t o - d i o d e  d e v i c e s  a r e  a n  o r d e r  o f  m a g n i t u d e *  
c h e a p e r  t h a n  " n u c l e a r "  s u r f a c e  b a r r i e r  d e t e c t o r s .
4 . 1 . 2  A L P H A  P A R T I C L E  S P E C T R A
A  t y p i c a l  a l p h a  s p e c t r u m  r e c o r d e d  a s  d e s c r i b e d  a b o v e  i s  s h o w n  i n  
f i g u r e  4 . 2 .  O f  s o m e  c o n c e r n  i s  t h e  p r e s e n c e  o f  ‘ g h o s t ’ p e a k s  c o n s i s t i n g  o f  
a b o u t  1 0 %  o f  t h e  t o t a l  p u l s e s  r e c o r d e d  w i t h  t h e  S 1 7 9 0  d i o d e  a n d  s h o w n  o n  a n  
e x p a n d e d  s c a l e .  T h i s  w a s  t h o u g h t  t o  b e  d u e  t o  a n  ' e d g e  e f f e c t '  c a u s e d  b y  
r e l a t i v e l y  h i g h e r  e n e r g y  l o s s  i n  a  t h i c k e r  s u r f a c e  l a y e r  i m m e d i a t e l y  
s u r r o u n d i n g  t h e  s e n s i t i v e  a r e a  o f  t h e  d e t e c t o r .  F i g u r e  4 . 2  s h o w s  t h a t  t h e
-  3 8  -
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l o n g e s t  e n e r g y  s h i f t  o b s e r v e d  i s  t h a t  o f  t h e  P u  a l p h a s  ( 2 8 2  k e V  a s
2 4 1  2 4 4  ^
c o m p a r e d  w i t h  2 4 8  k e V  f o r  Am a n d  2 2 7  k e V  f o r  C m ) ,  w h i c h  s u p p o r t s  t h i s
t h e o r y .  F a b r i c a t i o n  a n d  u s e  o f  a  s i m p l e  c a r d b o a r d  c o l l i m a t o r  t o  e n s u r e
t h a t  t h e  a l p h a  p a r t i c l e s  o n l y  s t r u c k  t h e  c e n t r a l  a r e a  o f  t h e  d i o d e  w a s
f o u n d  t o  c o m p l e t e l y  r e m o v e  t h i s  e f f e c t ,  a n d  c o n f i r m e d  t h a t  i t  w a s  c o n f i n e d
t o  t h e  o u t e r  e d g e s  o f  t h e  d e t e c t o r  ( 0 . 2 5  mm i n  w i d t h ) .
T h e  e n e r g y  r e s o l u t i o n  o f  t h e  s p e c t r u m  s h o w n  i n  F i g u r e  4 . 3  w i t h  t h e
P d  1
c o l l i m a t o r  i n  p o s i t i o n  i s  1 4 . 2  k e V  FWHM f o r  t h e  Am 5 . 4 8 6  M e V  p e a k .  T h e  
o v e r a l l  e l e c t r o n i c  n o i s e  c o n t r i b u t i o n  w a s  m e a s u r e d  b y  u s e  o f  a  p r e c i s i o n  
p u l s e r  a t  t h e  i n p u t  o f  t h e  p r e - a m p l i f i e r ,  a n d  w a s  f o u n d  t o  b e  5 . 5  k e V  FWHM,  
e q u i v a l e n t  t o  6 4 5  e l e c t r o n s  R M S .  A d d i t i o n a l l y ,  t h e  MCA m a y  a l s o  m a k e  a  
c o n t r i b u t i o n  t o  t h e  m e a s u r e d  n o i s e ,  a s  t h e  A D C  c a n n o t  b e  c o n s i d e r e d  
p e r f e c t ,  e s p e c i a l l y  w h e n  r e l a t i v e l y  s m a l l  f l u c t u a t i o n s  i n  l a r g e  s i g n a l s  a r e  
b e i n g  r e c o r d e d .  E N G L A N D  ( 1 9 7 4 )  q u o t e s  a  2 . 2  k e V  c o n t r i b u t i o n  i n  s i m i l a r  
c i r c u m s t a n c e s ,  w h i c h  w o u l d  r e d u c e  t h e  o b s e r v e d  e l e c t r o n i c  n o i s e  
c o n t r i b u t i o n  t o  5 9 0  e l e c t r o n s  R M S .  T h i s  v a l u e  i s  s t i l l  r a t h e r  h i g h e r  t h a n  
t h a t  c a l c u l a t e d  f o r  t h i s  p a r t i c u l a r  d i o d e  ( 4 6 0  e l e c t r o n s  R M S ,  s e e  T a b l e  
3 . 1 ) ,  w h i c h  c a n  b e  p a r t l y  a c c o u n t e d  f o r  b y  t h e  e x t r a  c a p a c i t a n c e  d u e  t o  t h e  
l e a d s ,  d e t e c t o r  m o u n t i n g ,  a n d  v a c u u m  c h a m b e r .  T h e s e  w e r e  m e a s u r e d  u s i n g  a  
c a p a c i t a n c e  m e t e r ,  a n d  f o u n d  t o  b e  1 7  p F ,  7  p F ,  a n d  6  p F  r e s p e c t i v e l y .  
T a k i n g  t h e s e  i n t o  a c c o u n t ,  a n d  t h e  f a c t  t h a t  t h e  l e a k a g e  c u r r e n t  o f  t h e  
d e t e c t o r  w a s  m e a s u r e d  a t  3  n A ,  t h e  e x p e c t e d  e l e c t r o n i c  n o i s e  c o n t r i b u t i o n  
i s  i n c r e a s e d  t o  5 8 0  e l e c t r o n s  R M S ,  a g r e e i n g  w e l l  w i t h  t h a t  o b s e r v e d .  E v e n  
a t  t h i s  l e v e l ,  h o w e v e r ,  t h e  m a i n  c o n t r i b u t i o n  w a s  t h e  r e s i d u a l  i n h e r e n t  
d e t e c t o r  r e s o l u t i o n  o f  1 3 . 1  k e V ,  s o  f u r t h e r  r e d u c t i o n  o f  t h e  e l e c t r o n i c  
n o i s e  w o u l d  h a v e  h a d  l i t t l e  e f f e c t  o o  t h e  o v e r a l l  r e s o l u t i o n  i n  t h i s  c a s e .  
T h i s  p e r f o r m a n c e  c o m p a r e s  f a v o u r a b l y  w i t h  d a t a  p u b l i s h e d  f o r  g o o d  q u a l i t y  
s u r f a c e  b a r r i e r  d e t e c t o r s  o f  s i m i l a r  a c t i v e  a r e a ,  q u o t e d  b y  KNOLL ( 1 9 7 9 )  a s  
1 2  -  2 0  k e V  FWHM. T h e  r e s i d u a l  r e s o l u t i o n  i s  p r i n c i p a l l y  d u e  t o  s u c h
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f a c t o r s  a s  l i n e  b r o a d e n i n g  c a u s e d  b y  e n e r g y  l o s s e s  i n  t h e  s o u r c e ,
i n c o m p l e t e  c h a r g e  c o l l e c t i o n ,  a n d  e n e r g y  l o s s  v a r i a t i o n s  i n  t h e  s u r f a c e
o x i d e  c o a t i n g  o f  t h e  e n t r a n c e  w i n d o w ,  a n d  i n  a n y  u n d e p l e t e d  s i l i c o n .
L i n e a r  r e g r e s s i o n  a n a l y s i s  o f  t h e  e i g h t  c l e a r l y  r e s o l v e d  p e a k s  g a v e  a
c o r r e l a t i o n  c o e f f i c i e n t  o f  0 . 9 9 9  w h i c h  c l e a r l y  d e m o n s t r a t e s  t h e  e x c e l l e n t
2 3 9
l i n e a r i t y .  T h e  5 . 1 5 5  M e V  m a i n  p e a k  i n  t h e  P u  s p e c t r u m  i s  s i g n i f i c a n t l y  
b r o a d e r  ( c .  2 0  k e V  FWHM) t h a n  t h e  m a i n  2 ^ A m  a n d  2 ^ C m  p e a k s .  T h i s  i s  
c a u s e d  b y  t h e  5 . 1 4 3  M e V  s u b s i d i a r y  p e a k  w h i c h  i s  j u s t  u n r e s o l v e d .  T h e  
r e l a t i v e  s t r e n g t h s  o f  t h e  v a r i o u s  p e a k s  h a v e  b e e n  d e d u c e d  f r o m  t h e  d a t a  i n  
F i g u r e  4 . 3 ,  a n d  a r e  c o m p a r e d  w i t h  p u b l i s h e d  d a t a  i n  T a b l e  4 . 1  t a k e n  f r o m  
L E D E R E R  a n d  S H I R L E Y  ( 1 9 7 8 ) ;  t h e  a g r e e m e n t  i s  g e n e r a l l y  v e r y  g o o d .  E v e n  t h e  
v e r y  w e a k  5 . 5 1 3  M e V  p e a k  ( 0 . 1 2 % )  o n  t h e  h i g h  e n e r g y  f l a n k  o f  t h e  m a i n  
A m - 2 4 1  p e a k  i s  p a r t l y  r e s o l v e d .
I S O T O P E EN E RG Y ( M e V ) L E D E R E R  ( 1 9 7 8 ) M E A S U R E D  B R A N C H I N G
Cm 2 4 4 5 . 8 0 5 7 3 . 3 % 7 5 %
5 . 7 6 3 2 3 . 6 % 2 5 %
Am 2 4 1 5 . 5 4 6 0 . 2 5 % 0 . 4 %
5 . 5 1 3 0 . 1 2 % ( n o t  f u l l y  r e s o l v e d )
• 5 . 4 8 6 8 6 . 0 % 8 4 %
5 . 4 4 3 1 2 . 7 % 1 4 %
5 . 3 8 9 1 . 3 % 1 . 7 %
P u  2 3 9 5 . 1 5 5 7 3 . 3 % 8 8 %
5 . 1 4 3 + 1 5 . 1 %
5 . 1 0 5 1 1 . 5 % 12 %
T A B L E  4 . 1  P u b l i s h e d  A l p h a  E n e r g i e s  a n d  B r a n c h i n g  R a t i o s
C o m p a r e d  w i t h  M e a s u r e d  V a l u e s
F I G .  4 . 3 .  L o g a r i t h m i c  a l p h a  s p e c t r u m .
1T h e  r e s u l t s  d e s c r i b e d  a b o v e  s t i m u l a t e d  a  s u r v e y  o f  e l e v e n  o t h e r  t y p e s  
o f  p h o t o d i o d e s  t o  a s s e s s  t h e i r  s u i t a b i l i t y  f o r  r a d i a t i o n  c o u n t i n g .  T h e  
b e s t  a l p h a  r e s o l u t i o n  r e s u l t s  w e r e  o b t a i n e d  f o r  t h e  H a m a m a t s u  S 1 2 2 3 - 0 1  
d i o d e  3 . 7  x  3 . 7  ( m m ) ,  2 0  p F ,  2  n A  a t  f u l l  d e p l e t i o n .  T h i s  i s  s u p p l i e d  
p a c k a g e d  i n  a  T 0 - 5  t r a n s i s t o r  h o u s i n g  w i t h  a  g l a s s  w i n d o w  w h i c h  i s  e a s i l y  
r e m o v e d  f o r  c h a r g e d  p a r t i c l e  a p p l i c a t i o n s .  A t  a  c o s t  o f  o n l y  a b o u t  t h r e e  
p o u n d s  e a c h ,  t h e s e  s m a l l e r  d i o d e s  r e p r e s e n t  a n  i n e x p e n s i v e  d e t e c t o r  f o r  
t e a c h i n g  a p p l i c a t i o n s ,  w h e r e  t h e  c h a n c e s  o f  a c c i d e n t a l  d a m a g e  a r e  
i n c r e a s e d .  I t  i s  a l s o  w o r t h  s t r e s s i n g  a t  t h i s  p o i n t  t h a t  t h e  S 1 7 9 0  d i o d e  
a t  a b o u t  s e v e n t y  p o u n d s  i s  o n l y  a  f r a c t i o n  o f  t h e  c o s t  o f  a  s i m i l a r  s i z e d  
s u r f a c e  b a r r i e r  d e t e c t o r .
4 . 2  F I S S I O N  F RAGMENT D E T E C T I O N
T h e  r e s p o n s e  o f  s o l i d  s t a t e  d e t e c t o r s  t o  f i s s i o n  f r a g m e n t s  i n v o l v e s  
s o m e  s p e c i a l  c o n s i d e r a t i o n s .  KNOLL ( 1 9 7 9 )  n o t e s  p l e n t i f u l  e v i d e n c e  t h a t  
t h e  p u l s e  h e i g h t  o b s e r v e d  f o r  h e a v y  i o n s  i s  m a r k e d l y  l e s s  ( 1 0  -  2 0 % )  t h a n  
t h a t  o b s e r v e d  f o r  l i g h t  i o n s  o f  t h e  s a m e  e n e r g y .  T h i s  i s  k n o w n  a s  t h e  
' p u l s e  h e i g h t  d e f e c t ' ,  d e f i n e d  i n  t e r m s  o f  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  
t h e  t r u e  e n e r g y  o f  a n  i o n ,  a n d  t h a t  d e d u c e d  b y  u s i n g  a  d e t e c t o r  c a l i b r a t e d  
w i t h  a l p h a  p a r t i c l e s .  T h r e e  p r o c e s s e s  a r e  t h o u g h t  t o  c o n t r i b u t e  t o  t h i s  
e f f e c t ,  t h e  p r i n c i p a l  o n e  b e i n g  t h e  e n e r g y  l o s s  i n  t h e  e n t r a n c e  w i n d o w  a n d  
d e a d  l a y e r  o f  t h e  d e t e c t o r  ( a g a i n ,  t h e  s o u r c e  t h i c k n e s s  m a y  c o n t r i b u t e  h e r e  
a s  w e l l ) .  F i s s i o n  f r a g m e n t s  s h o w  m a x i m u m  d E / d x  ( e n e r g y  l o s s )  a t  t h e  s t a r t  
o f  t h e i r  r a n g e s ,  w h e r e a s  a l p h a s  e x h i b i t  t h e  o p p o s i t e  e f f e c t ,  a n d  s o  t h e  
f r a c t i o n a l  l o s s  i n  t h e  d e a d  l a y e r  i s  m o r e  s i g n i f i c a n t  f o r  t h e  h e a v y  i o n s .  
S e c o n d l y ,  h e a v y  i o n s  l o s e  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e i r  e n e r g y  b y  n u c l e a r  
c o l l i s i o n s ,  a n d  t h i s  f r a c t i o n  i n c r e a s e s  w i t h  t h e  i o n i c  c h a r g e .  T h e  t h i r d  
f a c t o r  i n v o l v e s  e l e c t r o n - h o l e  r e c o m b i n a t i o n  i n  t h e  m u c h  d e n s e r  p l a s m a
-  4 1  -
c r e a t e d  a l o n g  t h e  i o n  t r a c k .  T h i s  e f f e c t  c a n  b e  m i n i m i s e d  b y  u s i n g  t h e  
h i g h e s t  v o l t a g e  t h a t  t h e  d e t e c t o r  c a n  s u p p o r t  i n  o r d e r  t o  i n c r e a s e  t h e  
v e l o c i t y  o f  t h e  c a r r i e r s ,  a n d  t h u s  s e p a r a t e  t h e  c h a r g e  c a r r i e r s  a s  r a p i d l y  
a s  p o s s i b l e .
o
A n  a d d i t i o n a l  c o n s i d e r a t i o n  i s  t h a t  a b o u t  3  x  1 0  f i s s i o n  f r a g m e n t s  
c a n  c a u s e  s i g n i f i c a n t  d a m a g e  t o  t h e  c r y s t a l l i n e  s t r u c t u r e  o f  t h e  s i l i c o n  
a n d  t h e r e b y  i n c r e a s e  t h e  l e a k a g e  c u r r e n t .  L e n g t h y  e x p o s u r e  o f  d e t e c t o r s  t o  
f i s s i o n  f r a g m e n t s  i s  t h e r e f o r e  t o  b e  a v o i d e d  i f  p o s s i b l e .
4 . 2 . 1  E V A L U A T I O N  O F  T HE  S 1 7 9 0  A S  A  F I S S I O N  FRAGMENT D E T E C T O R
T h e  e x p e r i m e n t a l  p r o c e d u r e  w a s  a s  d e s c r i b e d  i n  4 . 1 . 1 ,  a n d  a  2 0  k B q
2 5 2
C f  s o u r c e  w a s  p l a c e d  i n  t h e  v a c u u m  c h a m b e r .  T h e  s p e c t r u m  o b t a i n e d  i s
s h o w n  i n  F i g u r e  4 . 4 .  B y  c o m p a r i n g  t h e  l i g h t  ( L )  a n d  h e a v y  ( H )  f r a g m e n t
2 5 2
p e a k  p o s i t i o n s  w i t h  t h e  m a i n  C f  a l p h a  p e a k  a t  6 . 1 1 9  M e V ,  t h e i r  a p p a r e n t
e n e r g i e s  a r e  1 0 2  a n d  7 4  M e V  r e s p e c t i v e l y ,  a s s u m i n g  a  l i n e a r  e n e r g y
r e s p o n s e .  T h e s e  c o r r e s p o n d  t o  p u l s e  h e i g h t  d e f e c t s  o f  3  a n d  6  Me V
r e s p e c t i v e l y  c o m p a r e d  w i t h  t h e  t r u e  v a l u e s .  T h i s  u n d e r - r e s p o n s e  i s
c o m p a r a b l e  w i t h  d a t a  p r e v i o u s l y  r e p o r t e d  f o r  s u r f a c e  b a r r i e r  d e t e c t o r s  b y
F I N C H  e t  a l  ( 1 9 7 7 ) ,  w h o  f o u n d  a  d e f e c t  o f  2 . 5  -  4 . 5  M e V  f o r  l i g h t
f r a g m e n t s ,  a n d  4 - 7 . 5  M e V  f o r  h e a v y .
S C H M I T T  a n d  P L E A S O N T O N  ( 1 9 6 6 )  h a v e  p u b l i s h e d  a  s e t  o f  a c c e p t a n c e
25?
c r i t e r i a ,  b a s e d  o n  c e r t a i n  p a r a m e t e r s  o f  t h e  C f  s p e c t r u m ,  w h i c h  s h o u l d  
b e  m e t  b y  a  s a t i s f a c t o r y  h e a v y  i o n  d e t e c t o r .  T h e s e  p a r a m e t e r s  a r e  d e f i n e d  
i n  F i g u r e  4 . 5 .  V a l u e s  d e r i v e d  f r o m  t h e  e x p e r i m e n t a l  d a t a  f o r  t h e  S 1 7 9 0  a r e  
s h o w n  i n  T a b l e  4 . 2 .
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F I G . A .  5. S p e c t r u m  P a r a m e t e r s  f o r  E v a l u a t i o n  o f  
F i s s i o n  F r a g m e n t  D e t e c t o r s .
( F r o m  S c h m i t t  a n d  P l e a s o n t o n  , 1 9 6 6  )
PARAMETER REASONABLE LIMIT EXPECTED VALUE S1790
nl/ nv > 2.85 2.9 2.9
nh/ nv 2.2 2.2 2.3
V nh - 1.3 1.2
L/L-H < 0.38 0.36 0.37
H/L-H < 0.45 0.44 0.45
(H-HS)/(L-H) <
orra.♦o 0.69 0.76
(LS—L) / ( L-H) < 0.49 0.48 0.51
(LS-HS)/(L-H) < 2.18 2.17 2.2
TABLE 4.2 -  Spectral Parameters for Cf-252 compared with S1790 Values
from SCHMITT and PLEASONTON (1966)
N /^Ny is the most sensitive guide to resolution of the detector for 
heavy ions, and a value of 2.85 is the minimum acceptable standard. N /^Ny 
and N /^Nr provide further checks on energy resolution performance, and the 
S1790 appears to meet the required standards. The values of L/(L-H) and 
H(L-H) (full width at three-quarters maximum of the light and heavy groups 
respectively) are also primarily resolution checks, although low energy 
tailing may affect these quantities. For a collimated detector, the most 
likely cause of this effect is a thick or non-uniform source, and the ratio 
(H-HS)/(L-H) is the quantity most sensitive to this. There appears to be 
strong evidence of low energy tailing from the value calculated. The 
rather high figure for (LS-L)/(L-H) indicates that a small amount of charge 
multiplication may be taking .place, possibly due to the high bias of -  50 V 
applied. (LS-HS)/(L-H) is affected by resolution, low energy tailing, and 
charge multiplication.
In conclusion, i t  seems that the S1790 provides at least adequate 
resolution for heavy ion detection, and that the source thickness may have 
contributed to the high values of the later parameters in the table.
4.3 CONVERSION ELECTRON DETECTION
The intrinsic efficiency of a solid state detector to heavy charged 
particles is effectively 100%. To measure the full incident energy of the 
particle, all that is required is for the depletion depth to be larger than 
the range of the particle in silicon. For alpha particles, this 
corresponds to an energy of about 16 MeV for the 150 micron depletion depth 
of the S1790; far greater than the highest energy of any normal 
radionuclide source. In the case of fast electrons, this depth corresponds 
to an energy of ~  160 keV. Unlike heavier particles, it  is s t i l l  possible 
for electrons of higher energies to fully deposit their energy within the 
depletion region. This is because the incident electrons are often 
scattered through large angles by the bound electrons in the semiconductor, 
which results in a tortuous path through the detector. The detection of 
mono-energetic electron beams with detectors thinner than the electron 
range is described by CHAPPELL et al (1969).
A source of conversion electrons was made by evaporating 3.7 x kBq of
137Cs in solution, onto a Petri dish. This provides a source of electrons 
at discrete energies of 624 and 656 keV corresponding to K and L-shell 
conversion respectively of the 662 keV transition, with a total yield of 
10%. The spectrum is complicated by the two beta groups with end-point 
energies of 0.51 MeV (95%) and 1.17 MeV (5%). The experimental procedure 
was mainly as described in 4 .1 .1 ,  and the resulting spectrum after 2 hours 
counting is shown in Figure 4 .6 . It is immediately evident that the 
intrinsic full-energy peak efficiency is very low (estimated as 0.1%)

although the resolution is quite good at 10 keV FWHM for the 624 keV peak. 
This is again comparable with the performance of surface barrier detectors.
4.4 X-RAY AND GAMMA RAY DETECTION
Solid state diode detection of X-rays and gamma rays is usually 
performed with germanium detectors, since the higher atomic number (Z = 32 
compared with Z 3 14 for Si) gives a much higher intrinsic full-energy peak 
efficiency than a silicon diode of equal dimensions. At low energies 
however, silicon exhibits a useful efficiency, and is in some cases 
preferred (KNOLL, 1979) due to less prominent escape peaks than for 
germanium. At room temperature, however, it  has already been shown that a 
noise level of about 400 electrons RMS (3.4 keV FWHM) is about the best 
that can be expected with current preamplifier technology, which implies 
that only energies above about 7 keV will be resolvable from the noise.
4 .4 .1  EXPERIMENTAL METHOD
The experimental arrangement was as shown in Figure 4 .1 , except that 
the vacuum chamber was not used; instead, the detectors were mounted onto a 
BNC plug and attached directly to the preamplifier. A polythene sample jar 
covered with aluminium foil earthed to the detector power supply lead was 
placed over the detector. This ensured that no light reached the detector, 
and that there was no electrical pick-up from other apparatus.
4 .4 .2  EXPERIMENTAL RESULTS
The performance of the different pre-amplifiers available was tested 
with an S1790 diode by detection of 60 keV gamma rays from a 3.7 x 10 Bq 
Am-241 source, and checked with a precision pulser. The results are 
summarised in Table 4 .2 , and an example of a spectrum taken with the 
Harwell pre-amplifier is given in Figure 4 .7 . A 4 micro-second shaping 
time was used in all cases, and the diode had a leakage current of 2.0 nA 
at a reverse bias of 20 volts. A typical pulse height spectrum with the 
Harwell pre-amplifier is shown in Figure 4.7. Note that the pulses 
appearing at just less than the full energy peak are far more abundant than 
can be expected from Compton scatter. This can be explained by 
photo-electrons produced near the boundaries of the depletion region which 
may not deposit their total energy within the region. The broader peak at
about 18 keV to 29 keV is thought to be due to the lower energy gammas of
241 241Am, as well as some fluorescent Am X-rays, which are unresolved.
PRE-AMPLIFIER 241Am RESOLUTION (keV FWHM) ENC (e“RMS)
0RTEC 125 4.2 ± 0.2 470 ± 20
MSH 2C 4.3 ± 0.2 490 ± 20
PAC LP 4.4 ± 0.2 500 ± 20
CANBERRA 2003B 3.8 ± 0.2 440 ± 20
HARWELL 3.7 ± 0.2 440 ± 20
TABLE 4.2 -  Performance of Various Pre-amplifiers with S1790
2 4 1Diode for Direct Detection of Am Gamma Rays
Statistical broadening of the peak has been subtracted by assuming 
Poissonian statistics for charge collection, and a Fano factor of 0.084 for 
Si at room temperature has been used, as determined by EBERHARDT et al
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(1970). The ENC was also measured by normalising a precision pulser, at 
the test input capacitor of the pre-amplifier, to the full energy peak 
position. The ENC measured in this way was essentially indistinguishable 
from the gamma ray derived ENC.
The response to energetic photons was further investigated using
various isotopic sources, and a variable energy X-ray source, utilising
241fluorescence of six interchangeable metallic targets by Am. These 
results are summarised by the plots of resolution and intrinsic full energy 
peak efficiency against energy in Figures 4.8 and 4.9 respectively. The 
results clearly demonstrate that the S1790 has a useful performance in 
terms of energy resolution over the energy range 10 -  140 keV, although the 
efficiency of such a thin detector is very low at the higher energies.
Some samples of the other diodes selected in Chapter 3 were also 
tested in a similar fashion, and the main points of interest are listed 
here.
ENERTEC PIN DIODE
Our sample was an encapsulated 10 x 10 (mm) diode. At a shaping time 
constant of 3 usee, the diode exhibited a minimum ENC of 620 e“ RMS, at 45 
V reverse bias, when used in conjunction with an Ortec 125 preamplifier. 
This can largely be accounted for by the high leakage current (see Chapter 
3). At this bias, the diode is not fully depleted, and has a full energy 
peak efficiency comparable to that of the S1790 at 59.6 keV. When fully  
depleted (at about - 100 V), an intrinsic full energy peak efficiency of
0.6% was recorded.
HAMAMATSU S2620 DIODE
This was a 6 x 6 (mm) active area version of the S1790 mounted on a 
black ceramic, and coated with an optically transparent resin. The device 
was tested with the Harwell preamplifier, and exhibited a minimum ENC of 
360 e” RMS at a shaping time constant of 6 Msec and -  15 V bias.
MICRON SEMICONDUCTOR MSP 3 DIODE
The dimensions of this diode were 10 x 10 (mm), with a maximum
depletion depth of 450 pm. The diode was mounted on a white ceramic and
coated with transparent resin. The minimum ENC of 420 e“ RMS was observed 
with the Harwell preamplifier at -  20 V, with a shaping time constant of 3 
psec. Although this performance was slightly inferior to the S1790, the 
efficiency was improved to approximately the same as the Enertec diode. 
MICRON SEMICONDUCTOR MSP5 DIODE
This was a 5 x 5 (mm) version of the MSP3. Despite an impressive ENC
of 350 e~ RMS, at 3 psec and - 1 5  V, this type proved most unreliable, and
several samples failed during normal operation. Faulty contacts were 
suspected, but the manufacturer was unable to fully explain the fault.
4 .4 .3  APPLICATION OF PIN DIODES AS DIRECT DETECTORS OF IONISING RADIATION
The S1790 or S1723 has been successfully used in several charged 
particle spectroscopy applications where a surface barrier detector is 
usually used. These investigations were performed as part of their studies 
by M.Sc. students at the University of Surrey as 'special extended
A
expriments', which included sample preparation techniques for alpha 
spectroscopy in environmental analysis (TURNER, 1985), comparisons of
plastic track and semiconductor detectors in fission fragment detection
a
(DODD, 1986), radioactivity of heavy radio-nuclides (MENGESHA, 1986), and 
measurements of the time dependent abundance of radon daughters (FARMER, 
1987).
Silicon p-i-n diodes have been shown in this chapter to have useful 
performance over the energy range 8 -  140 keV for direct photon detection. 
One possible application not tested in any depth here is that of low energy 
gamma ray tomography, for which these detectors may be especially suitable
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since the diodes can be manufactured to specified dimensions, allowing 
dense detector packing. The compact low cost surface mount type of pre­
amplifier described here would also facilitate such an application. The 
factor which might count against p-i-n diodes in this case is the 
relatively low intrinsic efficiency in the higher part of the useful energy 
range. It might be possible to compensate for this in part by the use of a 
long rectangular diode, operated at full depletion, and irradiated from one 
end with a well collimated beam. At higher energies (c. 60 keV and higher) 
it  would be advantageous to use a higher atomic number detection medium 
such as CdTe or Hgl^.
A research team at the Rigshospitalet, Copenhagen, Denmark headed by 
Dr. J. Bojsen has expressed a requirement for a light weight detector 
system for continuous (24 hour) I insulin absorption measurements in 
free range animals (e.g. pigs). This experiment is similar to that 
described fully by BOJSEN et al (1986). Briefly, a substanial quantity of 
insulin labelled with 3.7 x 104 Bq of 125I is injected, and the count rate 
is then monitored overthe duration of the experiment. Following a 
collaboration with Dr. Bojsen on a pilot project, an array of four 
Hamamatsu S1723 10 x 10 (mm) p-i-n diodes (similar to the S1790) with 
surface mount preamplifiers is to be used for the main project. The pilot 
study involved a single S1723 diode with a PAC-LP preamplifier. The 
arrangement was f irst  tested at room temperature (20°C) and then at its 
projected working temperature (36.5°C). The deterioration in energy 
resolution was very small, rising from 21% FWHM at 20°C to 24% FWHM at 
36.5°C for the Te K X-rays between 27 and 32 KeV, emitted from the 
source, and which appeared as one peak in a pulse height spectrum. In this 
application, it  was only necessary to distinguish photon events above the 
noise, which was adequately achieved. Important considerations for this 
type of application include long term gain stability (a feature of the unit
gain photodiode), and the capability of supplying power for the detector 
and electronics from common batteries.
4.5 THE EFFECT OF COOLING ON DIODE PERFORMANCE
The only term in the expression for the ENC (eqn. 2.18) which is 
strongly dependent on temperature is that involving lg, which includes the 
dark current (see Chapter 3). It is easy to show (using the figures at the 
end of Chapter 2) that a dark current of less than about 1 nA is not a 
significant contributor to the overall ENC at typical detector 
capacitances. Cooling of the diode can therefore be expected to exhibit 
the greatest improvement in performance when the dark current is 
considerably higher than 1 nA.
4 .5 .1  THERMOELECTRIC COOLING OF AN ENERTEC DIODE
In order to dispense with the cost and complication of a cryostat, it  
was decided that a thermo-electric (Peltier effect) element should be used. 
Briefly, these are heat pumps consisting of a p-ohmic-n junction semi 
conductor alloy of BigTe^. The device was manufactured by Cambion (USA) 
and had the following characteristics.
Dimensions c. 26 x 8 x 5 (mm)
ATmax 60°
Vmax ° ' 7V
Jmax 9 ^
A mains linked DC power supply was used to supply the cooling element, 
which was provided with a heat sink by gluing it  to a 50 mm side aluminium 
cube. When tested by touch, the cold surface of the element reached an 
equilibrium temperature well below 0°C, which was deemed more than
sufficient to reduce the Enertec dark current to less than 1 nA. The diode 
was then mounted on the cold surface, and the whole assembly placed in an 
earthed metallic box.
Unfortunately, it  did not prove possible to obtain an accurate figure 
for the ENC during cooling. Viewed on an oscilloscope, the random noise 
level visibly reduced, but a periodic high frequency signal caused severe 
distortion of the overall output. This problem persisted despite efforts 
to improve the situation by screening the cooling element supply leads. 
After a few minutes, the random noise level also increased, and this was 
thought to be due to condensation on the surface of the diode and on the 
leads. The diode was found to be irreversibly damaged by this process and 
could not be used again, even in a dry environment.
It might have been possible to overcome these difficulties by using a 
cold finger to increase the separation of the diode and cooling element 
together with an air drying system; alternatively the power for the Peltier 
junction could be supplied by a battery which would avoid noise induced via 
the mains operated bias unit. However, resin encapsulated diodes
with leakage currents of about 1 nA at room temperature were already 
available, and these offer a far simpler and cheaper alternative for the 
scintillation counting applications described in Chapter 6.
CHAPTER 5
Scintillation counters constitute one of the most common forms of 
radiation detector, and the maximisation of light collection for such 
systems is fairly well understood. Despite this, many previous workers in 
this field using photodiodes, have made l i t t le  i f  any attempt to maximise 
the light extracted from scintillation crystals, either by good optical 
coupling, or careful preparation of the reflective surfaces. This chapter 
shows how such considerations can be of vital importance in improving the 
quality of the results attained.
The initial selection of Csl (Tl) and the scintillation process in 
inorganic scintillators is also discussed.
5.1 CHOICE OF SCINTILLATOR
There are currently several tens of different glass, plastic, organic, 
and inorganic crystal scintillators readily available commercially for use 
in physical science. It would be impractical to test them all out with 
photodiodes, and should be unnecessary since most of their important 
properties are well known. Some selected scintillators and their 
properties are given in Table 5 .1 . The factors to be taken into 
consideration when choosing a scintillator for use with photodiodes are now 
described.
APPLICATIONS OF PHOTODIODES IN SCINTILLATION COUNTING
5 .1 .1  SPECTRAL MATCHING
As we have already noted (see Chapter 3), silicon photodiodes have a 
very high quantum efficiency in the red-green part of the visible spectrum 
but are generally less efficient in the blue. This detector characteristic 
is unfortunately poorly matched with the light output of most 
scintillators. See Section 35for a description of how this situation might 
be improved. Of the organic scintillators, only NE108 has peak light 
emission above 500 nm. Csl (Tl) and CdWO^  are the best matches from the 
inorganic scintillators currently available.
5.1.2 LIGHT OUTPUT
In scintillation counting it  is always desirable to have as high a 
light output as possible, in order to minimise statistical line broadening. 
High light yield is also particularly important when using a unity gain 
device such as the photodiode as the light detector, since the amplitude of 
the pulses detected must be higher than the electronic noise level in order 
to be distinguishable. This effect is obviously critical when trying to 
detect low energy radiations. High light output can offset poor spectral 
matching in some cases, as the signal pulse height is related to the 
convolution of the light output and spectral response functions of the 
scintillator and diode respectively. The rigorous mathematic expression 
for this is
P 5.1
where P = signal pulse height (number of electron hole pairs created in 
the diode),
S( X) -  the number of photons produced in the scintillator at 
wavelength V 9
Q( X ) = the quantum efficiency of the diode at wavelength X 9 
and T( X) = A transmission factor dependant upon geometrical and optical 
effects, which is also dependent onX(see 5.5) and is thus 
included in the integration.
In order to assess the relative merits of different scintillators, it  
is not always necessary to work out the precise value of P, as a number of 
simplifying approximations may be made. These are shown below.
a) The quantum efficiency of the diode is a linear function of
wavelength over the range of interest.
b) The light output of the scintillator is symmetrical about the
wavelength of maximum emission ( X ). s max
c) The transmission factor is also a linear function of X over the
range of interest.
The simplified version of equation 5.1 is thus
prel“  T ota l • A ©  • . . .  5 . 2
where
R^EL s relative pulse height or P/T( XmQX); T being unknown at
present, but is constant for a given geometry.
3T0TAL s total number of photons emitted per unit energy deposited
in the scintillator,  
and Q( Xmax) "  quantum efficiency of the diode at the wavelength of
maximum emission.
Pr£L is included in Table 5 .1.
The simplest way to characterise the shape of the light pulse from a 
scintillator is by an exponential rising function, representative of the 
time required to populate excited states of the luminescence centres (see 
Section 5 .2 ) ,  and one or more decaying exponentials corresponding to the 
time required for the centres to relax by emission of a light photon. As 
is shown later, this model is not always a good description of the 
behaviour shown by some scintillators, but is adequate for the initial 
considerations.
5 .1 .3  DECAY CONSTANT
Scintillator
Emission
max(nm)
U.Light
Output
Decay
Const(ns)
Rl Density 
(g cm”3)
Q(Xmax)
%
PREL
Nal(Tl) 415 100 230 1.85 3.7 54 54
CsI(Tl) 550 85-100* 900 1.80 4.5 75 64-75*
BG0++ 480 10 280 2.15 7.13 70 7
CsF++ 390 5 2 .8 , 4.4 1.48 4.64 50 2.5
CdW04+ 540 40 5000 2.2 6.1 74 30
NE 102+ 423 28 2.4 1.58 1.0 56 16
NE 108+ 538 26 15 1.58 1.0 74 19
TABLE 5.1 - SOME PROPERTIES OF COMMON SCINTILLATORS
NOTE: The data for Q(Xmax) is that for the Hamamatsu S1790 diode.
+ NUCLEAR ENTERPRISES (1980)
HARSHAW/FILTROL (UNDATED) (measured with photodiodes)
* GRASSMAN ET. AL. (1984) (measured with photodiodes)
Rl 3 Refractive Index at wavelength of maximum emission (CsF measured 
at 589 nm)
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A typical 100 mm2 diode has a risetime of 15 ns, (Hamamatsu figure) 
and so in the majority of cases it  is the decay time constant of the 
scintillator which determines the minimum electronic shaping time usable i f  
all the available light is to be utilised. However, consideration of the 
electronic noise in photodiodes and their associated electronics indicate 
that shaping times of the order of several microseconds are necessary to 
achieve optimal results. These shaping times are useful for all the 
scintillators listed, although the very long decay constant of CdWO^  
implies the necessity of a compromise between the opti mal shaping time 
deduced from noise consideration, and the very long time required to 
integrate the whole light pulse (10 -  20 usee).
5 .1 .4  SELECTION OF CAESIUM IODIDE
Csl (Tl) was eventually selected for more detailed evaluation since 
Table 5.1 shows it  to have the highest convoluted pulse height per unit 
energy using the S1790 diode. It is also considerably easier to handle 
than Nal(Tl) i ts 's  nearest rival in this respect as it  is much less 
hygroscopic. The potential of CsI(Tl) as a scintillator for use with 
photodiodes has also recently been noted by GRASSMAN et al (1984), who 
included a summary of its physical and mechanical properties. No work with 
organic scintillators and photodiodes has been performed to date at the 
University of Surrey, but the successful use of NE108 with Micron 
Semiconductor diodes for charged particle detection has been reported by 
HALL (1986).
5.2 SCINTILLATION PROCESS IN INORGANIC CRYSTALS
The description given here refers generally to alkali halides since 
Csl(Tl) is the scintillator of chief interest in this work. A more
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detailed treatment, including most other scintillators, inorganic and 
organic, is given by BIRKS (1964).
The band theory of solids is the model usually used in the discussion 
of inorganic crystal scintillators. The simple band theory is modified, in 
practice, due to lattice defects and impurities (which are often introduced 
deliberately), producing energy levels in the normally forbidden region. 
Without these activators the light induced in a crystal insulator will be 
of very short wavelength which is strongly reabsorbed. These localised 
levels are known as activation centres, and they are of three main types.
a) Luminescence centres, in which transitions to the ground state
result in emission of a photon.
b) Quenching centres, in which energy is lost to thermal vibrational
energy of the lattice.
c) Trapping centres from which trapped electrons may eventually
return to the conduction band by thermal excitation followed by
luminescent or quenched transitions back to the valence band.
The excitation of a luminescence centre also requires the capture 
of a hole from the valence band. The capture of an exciton (a bound 
electron-hole pair which is free to move about the lattice) may also excite 
such centres, as may short wavelength light. These various processes are 
summarised in Figure 5.1.
5 .2 .1  LUMINESCENT CENTRES
The model proposed by SEITZ (1938) is usually used to discuss the 
conditions for luminescence emission or quenching of a centre. The 
potential energies of the ground and excited states of the centre are 
plotted against a configurational co-ordinate (x) of the centre, see Figure
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5.2 a) The points A and B at the minimum of the two curves correspond to 
the stable energy positions in the two states, but at normal temperatures 
thermal vibrations can cause displacement from these positions of order kT. 
Electronic excitation of the centre causes a ground to excited state 
transition along AC. Since C is not at the minimum potential for this 
state, the electron rapidly relaxes down to B, while the excess energy is 
lost thermally. The electron then spends a time in the region of B 
dependent on the probability of the optical transition B-D, which gives 
rise to the luminescence photon. Further thermal loss reduces the energy 
of the electron to the minimum at A. If  the electron reaches the point E 
in the excited state, a thermal transition to F can take place as the wave 
functions are very similar, and thus corresponds to the thermal quenching 
process. The thermal distribution within the occupied states in the two 
regions A and B results in the spread in absorption and emission spectra, 
see Fig. 5.2 b). These mechanisms account for the continuous nature of the 
emitted spectrum, and wide range of wavelengths involved.
5.3 THE CsI(Tl) SCINTILLATION PULSE
A useful overview of the factors affecting the shape and amplitude of 
the CsI(Tl) scintillation pulse has been published by CRANNELL (1974), and 
includes a comprehensive bibliography of the topic. The excellent book by 
BIRKS (1964) also provides considerably more detail bn the whole subject of 
scintillation counting than will be presented here.
5 .3 .1 . FACTORS AFFECTING PULSE SHAPE
The time dependence of the light emission from Csl(Tl) is consider­
ably more complex than a simple step followed by an exponential decay.
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BIRKS (1964) reports a fairly slow rise time after gamma excitation, 
reaching a maximum rate of light emission about 0.2 ps after initiation, 
followed by a two component exponential decay. It is generally accepted 
that the decay from maximum emission can be expressed in the form
L(t) = Y  A1  5.3
i
where L(t) 3 rate of light emission at time t
A. 3 maximum light emission rate of i th decay component
t . = decay time constant of i th decay component.
The number of components needed to describe the pulse, as well as the
actual values of A. and are thought to depend on the ionisation density
caused by the radiation, the thallium concentration, temperature, and the
wavelength of the emitted light. The time constants of the two components
referred to above were found to be 0.4 and 7.0 ps (OWEN, 1959). STOREY et
al. (1958) showed that the "effective" decay time (the time for the whole
pulse to f&ll to 1/e of its maximum amplitude) depends on the ionisation
density of the radiation, quoting 0.70 ms for gamma rays, and 0.42 ps for
alpha particles. This effect has been used to provide pulse shape
discrimination between alpha particles and gamma rays as described by BIRKS
(1964). GRASSMAN et al (1985) describes the temperature dependence of the
light yield of CsI(Tl) as reaching a flat maximum between 30 and 40°C with
a temperature coefficient of + 0.3% °C at 20°C. Dependence upon thallium
concentration was demonstrated by GWIN and MURRAY (1963), who found that
-2light output increases with activator concentration until about 10 mol%, 
at which point any further increase in activator does not significantly 
affect the light yield. There is conflicting evidence on the subject of 
wavelength dependence of the decay components; GWIN and MURRAY (1963)
report no dependence, while HREHUSS (1960), using colour filters with a 
broad band photomultiplier tube, does.
Another interesting property of CsI(Tl) is that of afterglow. The 
effect arises through the emission of delayed phosphorescence. This is 
caused by deep trapping of a fraction of the electrons and holes initially
produced in the crystal. Thermal excitation is the only way for a carrier
to escape from such a trap, and how long it  takes to do so is dependent 
upon the trap depth. DELANEY (1968) reported components of CsI(Tl) after- 
glow with half-lives as long as several days. Other alkali halide 
scintillators are known to exhibit this effect, but it  is most apparent in 
CsI(Tl), although different samples of the material are known to vary 
greatly in this respect. EMIGH and MEGILL (1954) studied the effect in 
Nal(Tl), and developed a method of determining the trap depth. This was a 
temperature dependent method, involving a wide range of temperatures, and a 
high degree of stability (< 1°C) at each temperature over a period of 
several days.
A short study of both afterglow and the pulse shape of the prompt 
fluorescent light of CsI(Tl) is presented in Chapter 7.
5.4 TRANSMISSION OF LIGHT FROM SCINTILLATOR TO PHOTODIODE
It is clear that the amount of light from a scintillator, and hence, 
the quality of spectra obtained from the detector is dependent on the 
surface treatment of the scintillator, together with good optical coupling 
to the light detector. Practical and theoretical studies, e .g. KEIL (1970) 
and XIAOGUANG (1985) indicate that the optimum surface treatment is 
strongly dependent on the crystal geometry. It is generally agreed that 
scintillators of similar length in all three dimensions give a higher light
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output when a diffuse (white) reflector such as MgO or AlgO  ^ powder is 
used. The effective reflectivity of such powders tends to be higher than 
that of a polished specular (metallic) reflector, such as aluminium foil 
(0.98 vs 0.92) and this degree of difference can be very important, as is 
shown later.
Transmission from the scintillator to the light detector is very 
inefficient i f  there is an air gap between them. This is due to the
phenomenon of total internal reflection, which occurs i f  the angle of
incidence is greater than the critical angle 0c, determined by
nlsin 0c -
2
where n^  and n2 are the refractive indices of the coupling medium and the 
scintillator respectively; therefore for optimum coupling n^  = n^. In 
order to minimise this effect, silicone grease or optically transparent 
epoxy cement are usually used to couple the crystal to the light detector,
which eliminates the air gap.
5.5 THEORY OF LIGHT COLLECTION
A simplified theory of light collection by a photodiode from a CsI(Tl) 
scintillator (also applicable to other scintillators) has been published by 
FAN (1969). This is shown below, with an additional point which appears to 
have been overlooked in the original publication.
The theory starts with the two assumptions that
a) No light is reabsorbed by the scintillator after emission.
b) Light emitted by the scintillator w ill, on average, uniformly
illuminate the interior surface, and so the fraction of light 
striking the collection window, is A/Ao.
where A 3 Area of window to the photodiode 
and Ao 3 Total surface area of the crystal.
Assumption b) is valid for scintillators of similar length in all 
three dimensions, but may be less so for long thin crystals, where the 
relative distribution of scintillation events within the crystal may be 
important.
Other factors required are:
K 3 Probability that a photon impinging on A is transported to the 
surface of the diode.
r 3 Reflectivity of surface coating. This may be a function of
The initial fraction of the light transported to the surface of the 
diode is thus 
KA/Ao
and the fraction reflected back into the crystal is 
r(l  -  KA/Ao).
The fraction of the light transported to the diode after the f irst  reflec­
tion is thus
r(l -  KA/Ao) . KA/Ao, 
and the fraction reflected into the crystal a second time is 
r2 (1 -  KA/Ao)2, and so on.
Therefore the total fraction, F of the light generated in the crystal which 
impinges on the photodiode is given by the series
wavelength in general, but is usually considered a constant in 
most cases of practical interest.
KA 1 . . .  5 . 4
l - r  (1 -K A /A 07
The quantity K can also be written K2 K3 where
* Fraction of photons impinging on A which are transmitted from 
the scintillator to the coupling medium.
K2 -  Fraction transmitted from coupling medium to the diode resin 
coating ( i f  present).
K3 = Fraction transmitted from resin ( i f  present) or coupling medium 
to the silicon of the photodiode.
Fan shows that K2 = 1, and K3 = 1 for most coupling media (the 
refractive indices concerned are all ^  1.50). An approximate expression 
for is given as
Kj » [4n/(n+l)2] (l-cos8)
where n = ratio.of scintillator to coupling medium refractive indices and 
1/n = sin 8 Fan also incorporates the diode quantum efficiency into K, 
but assumes i t  to be 100%. We already know that this is not a good 
approximation, and so the average quantum efficiency (Q^v) of the diode 
over the wavelengths of interest (this was found using graphical techniques 
to be 74% ± 2% for CsI(Tl), see FigS/f) HANSEN (1985) reports negligible 
reflection from the surface of photodiodes, and in view of this, we can now 
express the conversion efficiency, Eq, of light to electron-hole pairs as
Using his theory and published data for the light output of CsI(Tl), 
Fan found that the theoretical value of Eq for his experimental arrangement 
at 0.29 was considerably lower than that which he observed experimentally, 
at 0.35. The probable reason for this was not appreciated at the time, but 
is explained in Chapter 6.
EC
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A graph depicting plots of Eg against KA/Aq for different values of r 
is shown in Fig. 5 .3 . This highlights the importance of having the highest 
reflectivity possible at the scintillator surface, as a drop of a few 
percent in r can reduce Eg by about a factor of 2 for a wide range of KA/Aq 
Fan showed that the reflectivity of dry MgO powder is virtually constant at 
the high value of 0.98 over the wavelength range 400 -  800 mm. In his work 
Fan produced a suspension of MgO in epoxy resin in order the coat the 
scintillator more conveniently than with the dry powder. The reflectivity  
of this suspension was 0.94, and no doubt this detracted from the quality 
of his results.
This piece of theory was used in the work described in the next 
chapter, and provided useful guidelines in predicting the effects of 
employing the various techniques and materials described.
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CHAPTER 6
This chapter describes the experimental techniques used in pursuit of
the main aims of this research, and presents an analysis of the
capabilities of the arrangements used. One practical application of the 
final detector assembly is reported, together with an associated 
application to existing photomultiplier technology.
6.1 ASSEMBLY OF COMPONENTS
The electronics necessary to amplify and process the charge pulses 
obtained from a scintillator-photodiode combination is identical to that 
required by solid state ‘ direct1 detection, and has already been described. 
Except where noted in the early parts of this chapter, the Harwell designed 
preamplifier was used as the charge sensitive amplification stage. The 
other primary components are detailed below..
6.1.1 THE Csl(Tl) CRYSTALS
Over the course of the project, samples of Csl(Tl) were obtained
from BDH Chemicals Ltd. The dimensions of the pieces were 10 x 10 x 25 .
(mm) costing £25, and 10 x 10 x 100 (mm) for £160. The Tl doping
-2 -1concentration was guaranteed between 2 x 10 and 2 x 10 (mol%), which is
in the most favourable range for high light output. BDH have identified 
the principal impurities in their CsI(Tl) as K and Ru at 20 and 15 ppm 
respectively. The sum of all impurities was less than 70 ppm.
SCINTILLATION DETECTION USING PHOTODIODES
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6 .1 .2  THE PHOTODIODES
From considerations in previous chapters, it  was decided to use the 
Hamamatsu S1790 type for the bulk of the experiments, either with or 
without a resin window. These currently cost between £60 and £90 when 
purchased in small quantities through an agent, but may be available at a 
fraction of this cost i f  larger quantities are ordered directly from the 
manufacturer.
6.2 DEVELOPMENT OF A CsI(Tl) PHOTODIODE DETECTOR
The evolution of an optimised detector assembly is described here, 
starting with an initial experiment which successfully detected gamma 
radiation.by the scintillation method. Other useful information gained 
during this work is also described.
6 .2 . i INITIAL DETECTOR ASSEMBLY WITH SPECULAR REFLECTION
A copper cup-shaped metal holder about 45 mm in diameter was 
connected to a BNC plug, with the central lead fed through to one side of a 
14 pin DIP integrated circuit holder. All the sockets on the other side of 
the holder were earthed. This arrangement allowed easy removal and 
replacement of the photodiodes, which might otherwise be damaged by high 
temperature soldering. A large polythene sample vial was wrapped first  in 
a black polythene sheet to exclude light, and then covered with a double 
layer of aluminium kitchen foil which acted as an electrostatic shield.
The jar could slide over the top of the copper mounting, thus providing a 
light-tight compartment for the crystal and diode. The aluminium foil was
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also earthed to provide screening against the type of electromagnetic 
interference described in Chapter 4. This arrangement is shown in Figure 
6.1 .
A piece of CsI(Tl) 10 x 10 x 25 (mm), supplied by the manufacturer
with polished surfaces, was tightly wrapped with shiny aluminium foil on
all faces except one of the 10 x 10 (mm) ends. The specular type of
reflector was used in this first  experiment mainly because it  was very
quick and easy to apply. The diode with which this scintillator was to be
used was an unencapsulated Hamamatsu S1790, and the crystal could therefore
not be directly mounted on to the surface of the silicon. To overcome this
difficulty, a 10 x 10 (mm) square of transparent mylar sheeting 10 pm
thick was glued to the exposed end of the CsI(Tl) with an optically
transparent epoxy (NE 581, Nuclear Enterprises Ltd). After allowing 24
hours for the epoxy to set, the crystal was mounted on the photosensitive
area of the diode by using a blob of silicone grease as an optical coupling
medium. This provided the advantage over glue of non-permanence, and
enabled different arrangements to be tested.
An Ortec 125 preamplifier was used, together with an Ortec 575 shaping
amplifier set to 3 ps shaping time. The diode was operated at a reverse
bias of 20 V, and an RMS noise level.of 430 e“ was achieved. A test source 
4 137of 3.7 x 10 Bq of Cs was placed on top of the detector assembly, about
40 mm from the top of the crystal, and a pulse height spectrum was
recorded. The full energy pulse height was measured by comparison with the
241full energy peak of Am gamma rays detected directly in the diode (see 
Chapter 4). This not only provided a useful reference point, but also 
provided a determination of the number of electron-hole pairs created in 
the diode. This valuable piece of information is used in section 6 .3 .5 .
The characteristics of this somewhat poor spectrum are shown in Table 6.1. 
During this experiment it  was found that the fragile gold bonds between the
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leads of the diode and the silicon itse lf  were very susceptible to damage. 
For this reason, resin encapsulated diodes were used for the subsequent 
measurements.
6.2.2 DETECTOR ASSEMBLIES WITH DIFFUSE REFLECTORS
Three methods of preparing CsI(Tl) crystals with a diffuse reflector 
were tested. The aim was to improve on the results obtained with the 
specular reflector, which in theory is not as good in this geometry (see 
Chapter 5). The three methods are described below.
1. EPOXY LOADED WITH MgO POWDER
a) The surfaces of the 10 x 10 x 25 (mm) crystal described above
were lightly rubbed with coarse abrasive paper in order to 
roughen them, and thus provide a more intimate contact between 
crystal and reflector. The overall effect was a 'frosted' 
appearance without any deep grooves which might act as light
traps. One of the end faces was left polished.
b) A quantity of NE 581 epoxy was mixed (NE 581 is a two component
glue), and MgO powder was mixed into it  until the glue became 
thick and difficult to agitate with a spatula.
c) A layer of this mixture about 1 -  3 mm thick was applied to the
surface of the crystal. The crystal was then tightly wrapped 
with aluminium fo i l .
d) The exposed face of the crystal was re-polished using a water
dampened cotton wool swab. This gave an even flat finish, and 
although the swab became slightly yellow from the dissolved 
CsI(Tl), there was no deterioration of the crystal face. This 
is in marked contrast to Nal(Tl), which is very strongly 
hygroscopic, and must usually be vacuum sealed. When a
-  68 -
CsI(Tl) crystal was le ft  bare on a laboratory worktop for 
about two weeks some slight yellowing was observed on one of 
the rough faces. This was simply rubbed off with abrasive 
paper and did not affect the performance of the crystal. As a 
precautionary measure, the CsI(Tl) samples were stored in a 
silica gel dessicator when not in use. No yellowing was ever 
observed on a coated or wrapped crystal.
e) The crystal was greased onto the resin window of the diode and 
tested as described in 6 .2 .1 . The test was repeated several 
times so that the crystal face could be optimally aligned with 
the sensitive area of the diode, thus achieving the maximum 
pulse height possible from the assembly.
2. DRY MgO POWDER
a) The crystal was prepared as in a) and the smooth end surface was
repolished as in ld).
b) A small polythene sample vial about 30 mm long and 17 mm in
diameter was part filled  with MgO powder. The scintillator  
was then pressed firmly into the powder along the axis of the 
vial until the polished face protruded only about 1 mm above 
the level of the top of the vial. Holding the vial between 
thumb and middle finger, with index finger resting on the 
polished face to maintain the axial position of the crystal, 
the vial was repeatedly tapped lightly on the surface of the 
bench top. This produced a settling effect on the powder, and 
more powder was gradually added until the level of settled 
powder was at the top of the vial. A further small quantity 
of powder was added around the protruding sides of the
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crystal, so that all surfaces of the crystal except the 
polished end-fexce. were in complete contact with the powder.
c) A small blob of silicone grease v/as placed on the centre of the
polished face. A sheet of transparent household kitchen foil 
was gently lowered onto the crystal. The foil was gradually 
pulled down along the sides of the vial, spreading the 
silicone grease into a thin layer over the face of the 
crystal. Some small air bubbles in the grease were eased 
beyond edges of the crystal with a pen top. The foil was
t
pulled tight, gathered in under the bottom of the vial, 
secured by tying with an elastic band, and the excess removed.
d) The photodiode was coupled with silicone grease as described in
section le) above, and the output spectrum recorded.
3. MgO SMOKE
a) As in la) and Id).
b) The crystal was greased to the resin window of the diode, and
the whole assembly was placed in a fume cupboard.
c) A small quantity of magnesium metal powder was placed in a
crucible in close proximity to the crystal, and heated with a
Bunsen burner. The assembly was slowly rotated until the 
surface of the crystal was completely covered by a thin layer 
of MgO. It was hoped that this method might provide a more 
intimate contact (with fewer air gaps) than the previous 
method, since the particle size is likely to be very small.
d) As per le ).
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This method is similar to that reported by GRASSMAN et al 
(1985).
a) The crystal was prepared as in la) and Id).
b) The exposed surfaces of the crystal were tightly wrapped with
plumbers teflon tape, which is loaded with PTFE, a synthetic 
compound with very high reflectivity.
c) As per le).
6.2.3 PERFORMANCE OF THE REFLECTORS
The results of this set of tests are summarised in Table 6 .1. It is 
apparent that diffuse methods 2 and 3 give rise to the highest light 
outputs coupled with good energy resolution. Method 2 was adopted for most 
of the subsequent investigations since the smoke method proved to be very 
messy, and had to be repeated i f  the crystal was physically touched.
4 . TEFLON TAPE
REFLECTOR PULSE HEIGHT [662 keV IN CsI(Tl)]
RESOLUTION
[FWHM]
Specular 8900 ± 600 e" 16%
(Al Foil)
Diffuse 1 15,200 ± 650 e~ 10%
(MgO Glue)
Diffuse 2 20,700 ± 700 e" 7.9%
(Dry MgO)
Diffuse 3 20,200 ± 700 e" 8.1%
(MgO Smoke)
Diffuse 4 18,400 ± 630 e“ 8.0%
(Teflon Tape)
TABLE 6.1 - Performance of Reflectors
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6.3 SCINTILLATION SPECTRA
>; ■ i’ ' (
it ■ 1 ! I
The Canberra 2003BT and Harwell preamplifiers were available for
subsequent measurements, and proved to have very similar performances (see
Chapter 4). The Harwell preamplifier was eventually selected on the basis
of low cost. Also a newly available improved specification S1790 diode
with a leakage current of less than 0.5 nA at full depletion was used. The
substitution of these two components into the detection system provided a
further marginal increase in performance. The gain of the Harwell
pre-amplifier was somewhat lower than the Ortec 125, and so the Canberra
1413 main amplifier was used, with a shaping time of 4 ps since it  has
higher gain but no 3 ps setting. The electronic noise for this
configuration was 390 e” RMS. This section describes the response of this
system to a variety of gamma ray test sources, with the same geometry as in
246 .2 .1 . A selection of spectra are shown in figures 6.2 to 6.7. The Na
source was actually a sample of blood irradiated in the University of
London reactor, and was contained in a lead pot.
6.3.1 GENERAL PROPERTIES OF THE SPECTRA
The spectra obtained in the above tests exhibited the normal
characteristics expected of a small alkali halide scintillator, with full
energy peak, Compton edge, Compton continuum, and back-scatter peaks
24observed where expected. The Na spectrum also shows single and double 
escape peaks. Very few pulses were caused by low efficiency direct
detection events in the diode in the geometry used. As an example, at 662
keV the full energy peak to direct detection ratio was about 400 ± 5 0  : 1 
in the region close to the peak. If irradiated from behind the diode, this
-  72 -
COUNTS PER CHANNEL
CHANNEL MJHBB1
F I G .  6 .  2 .  " A m  g a m m a  s p e c t r u m .
F I G S . 6 .2 . - 6 . 7  w e r e  a ll  a c q u ir e d  u sin g  th e  S 1 7 9 0  
d i o d e  a n d  a  1 0 x 1 0 x 2 5  ( m m )  C s l(T l)  c r y s t a l .
o 10 20 30 -10 50 60 70 80 90 100
CHMLM
5?
F IG . 6 . 3 .  C o  g a m m a  r a y  s p e c t r u m

CO
UN
TS
 
PE
R 
CH
AN
NE
L
omcu
oocu
a
in
cr
UJtn2 :n
U J2 :2 :
nrCJ
oo
o
in
F
IG
. 
6
.5
, 
Cs
 
ga
m
m
a 
sp
e
ct
ru
m
CO
UN
TS
 
PE
R 
CH
AN
NE
L
oo
in
oinT
O©"'T
O
in
co
oo
ro
oin
cu
oo
ru
o
in
cr
U J
CDxr?
-acftCJ
oo
o
in
F
IG
. 
6
.6
. 
Co
 
ga
m
m
a 
sp
e
ct
ru
m
CO
UN
TS
 
PER
 
CH
AN
NE
L
oo
o
CD
CD03
O
CD
CD
CD
CDIft
CD
CD
CD
CDO
un
CD
CDft
CD
CDro
CD
CD
CU
CD
CD
DCLUm3E
UJDCZT-a:re
CD
o
CD
CD
CDO OCD
CD
CD
CD
in
CD
CDft
CD
CDen
CD
CD
CU
2*
F
IG
. 
6
.7
. 
A
ct
iv
a
te
d
 
bl
oo
d
 
sa
m
p
le
 
- 
m
ai
n
ly
 
(N
o
,
decreased to about 100 : 1. The corresponding full energy peak to valley 
ratio on the low energy side was 45 ± 5 : 1 in the first  case and 40 ± 5 :
1 in the second. These results illustrate the shielding effect of the 
scintillation crystal in normal use. The linearity of the pulse height 
with energy is demonstrated by Figure 6.8.
6.3.2 ENERGY RESOLUTION AND EFFICIENCY
A plot of energy resolution against energy is shown in Figure 6.8a), 
and the data is shown in Table 6.2 below. The Figure also shows the 
resolution achievable with a photomultiplier - Nal(Tl) assembly.
ISOTOPE ENERGYkeV
PULSE
HEIGHT
(e“ ) (V0 B S ^ e ^
RESOLUTION 
(FWHM %) (vE) V ) (VA)* (e“ )
57Co 122 4,400 490 ± 30 26 ± 2 390 ± 10 290 ± 50
22Na(e+) 511 15,500 390 ± 40 9.0 ± 0.6 390 ± 10 420 ± 60
137Cs 662 20,700 680 ± 50 7.7 ± 0.5 390 ± 10 540 ± 60
54Mn 835 25,100 710 ± 50 6.6 ± 0.6 390 ± 10 570 ± 60
or O O o 1173 35,200 720 ± 70 4.8 ± 0.5 390 ± 10 580 ± 80
22Na 1275 38,500 750 ± 70 4.6 ± 0.4 390 ± 10 610 ± 90
60Co 1332 40,400 770 ± 80 4.5 ± 0.5 390 ± 10 630 ± 90
TABLE 6.2 Resolution of Gamma Sources in CsI(Tl)
241NOTE: Am was also used, but the spectrum was very poor, see Fig. 6.2.
The quantities listed in the table are defined as follows:- 
Vqbs = Observed variance in pulse height.
V_ = Variance due to electronic noise.
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o R esults o f  6 . 4
T ypical r a n g e  f o r  P M T -N a l ( T l )  d e t e c t o r s .
= Additional variance, see text.
Vg = Variance caused by the statistics of charge collection -
not listed in table, but equal to F x Pulse Height (F = 
Fano factor, 0.084).
These quantities are related by the expression
V0BS = VE + VS + VA
1
The values of (V^)z displayed in the table are much higher than one 
would expect from a simple Poissonian treatment of the number of photons 
generated. As an example, at 662 keV, the number of photons generated in 
the scintillator was 20,700/0.49 = 42,240 (see section 6 .3 .5 ) .  The value
of (VA) 2 expected is thus a / 4 2 , 240 x 0.49 = 100 electrons. This effect
can probably be attributed to non-uniform detector response due to spatial 
variations in light yield and collection efficiency within the crystal.
The phenomenon is well known in the field of scintillation counting, e.g. 
KNOLL (1979) p. 337. Attempts to quantify these effects in Nal (Tl) have 
been made, e.g. NARAYAN and PRESCOTT (1968), but no reference applicable to 
the geometry used here has been found, even assuming that CsI(Tl) and 
Nal(Tl) are identical in respect of this effect. Afterglow is an 
additional factor, which may be especially relevant to CsI(Tl) (see Chapter 
7), and should result in a slight increase in the observed noise level.
This might be investigated using a pulserwhile simultaneously irradiating 
the crystal at different intensities. No investigations of this type were 
undertaken in this research.
The energy resolution performance observed is comparable to that 
expected from an average quality photomultiplier + Nal(Tl) assembly, and is 
similar to that reported by GRASSMAN et al (1985). It was considered that 
optimisation of the energy resolution of the detector system was more 
important than exhaustive tests of efficiency, which can be varied to a 
large extent by altering the dimensions of the crystal, which in turn
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affects the resolution, as is shown later. However, the intrinsic full
137energy peak efficiency of the crystal was measured for Cs gamma rays at 
fin
662 keV and Co gamma rays at 1332 keV using uncollimated sources. The 
efficiencies were measured at 22% ± 2% and 5% ± 1% respectively for 
radiation parallel to the axis of the 25 mm long crystal used.
6 .3 .4  VARIATION OF PERFORMANCE WITH SHAPING TIME
The effect of various shaping time constants on pulse height,
electronic noise and scintillation resolution was investigated for the
137assembly described. The test radiation source was Cs, the pulse height
expressed in terms of electron-hole pairs in the diode was checked by
241calibration at each time constant with direct detection of 60 keV Am 
gamma rays in the diode, and the electronic noise was‘*measured by pulser, 
as described in Chapter 4. A summary of the results is presented in Table
6.3 below.
SHAPING TIME 
(psec)
PULSE HEIGHT 
(e“ )
ELECTRONIC NOISE 
(RMS e")
ENERGY RESOLUTION 
(FWHM %)
1 14700 ± 700 510 ± 10 10.5 ± 0.7
2 17900 ± 600 430 ± 10 8.2 ± 0.6
3 20200 ± 700 420 ± 10 7.7 ± 0.5
4 20700 ± 600 390 ± 10 7.3 ± 0.4
6 22300 ± 700 390 ± 10 7.0 ± 0.4
8 23300 ± 700 390 ± 10 6.8 ± 0.4
It is apparent that some slight benefit in terms of light output and 
energy resolution can be had by increasing the time constant used. The 
expected count rate may therefore determine which shaping time should 
actually be used to minimise pulse pile-up degradation.
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The pulse height data in section 6 .3 .4  can be used to calculate the
light output of CsI(Tl) in terms of photons per MeV, using the theory
described in Section 5.4. The following parameters are assumed.
Refractive index of CsI(Tl) 3 1.79
Refractive index of silicon grease 3 1.52
Average quantum efficiency of S1790 for CsI(Tl) light, QAV 3 0.74 ± 
0.02.
A/Ao = 0.0833 for 10 x 10 x 25 (mm) crystal
Reflectivity of MgO = 0.98 ± 0.005 
The fraction of photons converted to electron hole pairs calculated as per 
Section 5.4 is thus found to be
F 3 0.49 ± 0.05.
The light output of CsI(Tl), using the 8 ps figure for 662 keV was thus 
found to be 72,000 ± 7000 photons/MeV. Even the lower limit of this figure 
is significantly higher than the values usually quoted when the light is 
measured by a photomultiplier tube. GRASSMAN et al (1985) reported a lower 
limit of 45,000 photons/MeV, but they made no estimation of light 
collection efficiency, and used a time constant of 4 ps. The 4 ps figure 
for 662 keV from 6.3.4 yields the value of 64,000 ± 7000 photons/MeV. Note 
all the values calculated here are also lower limits, since the theory used 
makes no allowance for light losses at the connecting media boundary 
layers, and assumes a perfect optical contact between the scintillator and 
the MgO powder.
There are two important conclusions that can be drawn from this
work.
a) The light output of CsI(Tl) is much higher than previously 
thought, and is certainly higher than published values for
6 . 3 . 5  CALCULATION OF C s I ( T l )  LIGHT OUTPUT
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Nal(Tl) which has been accepted in the past as the highest 
light output scintillator,
b) A significant proportion of the total light output of CsI(Tl)
occurs after 4 ps from stimulation, and is thus lost i f  short
shaping times (4 ps and below) are used.
6.4 DETECTION OF LOWER ENERGY GAMMA RAYS WITH SMALL CRYSTALS
There is some interest within the physics department at Surrey
University in computed gamma ray transmission tomography, mainly at 59.6 
241keV ( Am). The prototype system used an Nal(Tl)-photomultipiier 
detector, and it  was decided to try and further develop the Csl(Tl)~
photodiode assembly described above with the aim of resolving the 59.6 KeV
full energy peak from the electronic noise. (The direct detection results 
shown in section 4.4. give a full-energy peak well above the noise at 59.6 
keV, but the direct detection efficiency was impractically low. By 
contrast a few millimetresthick CsI(Tl) crystal offers almost 100% 
intrinsic efficiency.) The only way of increasing the signal to noise 
ratio when the noise is already at a minimum, is to increase the signal.
In this case the signal was increased by reducing the length of the 
crystal, and thus increasing the value of A/Aq in section 5.4.
6.4.1 PREPARATION OF SMALL CRYSTALS
For the sake of easy handling, a crystal size of 10 x 10 x 2 (mm) 
was decided upon, and the depth of 2 mm was considered sufficient to almost 
completely absorb a collimated 59.6 KeV beam. This thickness increased the 
value of A/Ao from 0.0833 to 0.357 compared with the 25 mm long crystal.
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The crystal size required was cut from the end of the 10 x 10 x 100 (mm) 
crystal supplied using a smooth edged circular sample saw. Two methods of 
crystal mounting were then used.
SMALL CRYSTAL METHOD 1
Similar to method 2 in 6 .2 .2 , except that the prepared crystal was 
greased on to the kitchen foil f ir s t ,  and then lowered in to the 
MgO powder. A sample vial was cut down so as to be about 5 mm 
deep to house the crystal.
SMALL CRYSTAL METHOD 2
a) The crystal was prepared as in la) and Id) of 6 .2 .2 .
b) The crystal was glued to a strip of mylar with NE 581 epoxy, and
moved slightly to avoid air bubbles which could be observed 
through the mylar. NE 581 has a fairly low viscosity when 
first mixed, and was allowed to spread over the surface of the 
mylar in the vicinity of the crystal.
c) After allowing the epoxy to partially dry for about 4 hours, the
crystal was pressed in to a vial and filled with MgO powder.
d) The epoxy was le ft  to set overnight, and the mylar was then
stripped off . This le ft  a smooth and transparent encapsu­
lation window which retained both the crystal and the MgO 
powder.
6.4.2 PERFORMANCE OF SMALL CRYSTALS WITH S1790 DIODE
The crystal samples were greased on to an encapsulated S1790 diode, 
and tested as described earlier in the chapter. No changes were made, to 
the electronics.
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ISOTOPE ENERGY (keV) PULSE HEIGHT (e")
ENERGY RESOLUTION 
(FWHM %)
137Cs 662 31400 ± 900 6.8 ± 0.6
cn
o o 122/136 6700 ± 600 23 ± 2
109Cd 88 5000 ± 600 33 ± 3
241Am 59.6 3600 ± 600 40 ± 4
TABLE 6.3 Performance of a 10 x 10 x 2 mm CsI(Tl) 
Scintillator with S1790 Diode
The two crystals were indistinguishable in performance, and the
resin encapsulated version was used in most of the tests for ease of
handling. Most of the tests were performed for low energy radiations, and 
137a 662 keV Cs spectrum was taken for comparison purposes. At energies 
higher than this the small volume of the crystal is insufficient to produce
a clear full energy peak. Due to the very small signal to noise ratio,
especially at 59.6 keV, small changes in the electronic noise contribution 
had critical effects on the full energy peak resolution. A great deal of 
effort was again spent on reducing noise picked up from other pieces of 
apparatus in the laboratory. A selection of the pulse height spectra 
obtained are shown in Figures 6.9 - 6.11. The performance observed can be 
summed up by Table 6.3 below. A shaping time of 8 ps was selected in order
to minimise the electronic noise, and to integrate as much of the
241scintillation light as practicable. In the case of Am, a spectrum is
shown foretime constant of . *: 1 8 ps. '
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d i o d e  a n d  a  1 0 x 1 0 x 2  ( m m )  C sI(T l) c r y s t a l .
Despite the higher light output, the resolution at 662 keV was not
■ • f ■ '• {'■ \ •'
improved in comparison to that obtained with the large crystal. This is •
probably attributable to such effects as inefficient energy absorption in
the crystal due to its small volume. The iodine and caesium K X-rays which
* * ’ 
escape from the crystal may also be contributing to the observed peak width
as they are not resolved. It is also interesting to note the higher
incidence of direct events in the diode which procures a flat  continuum in
the region of the full energy peak.
The 5 C^o and 189Cd full energy peaks were both well resolved from 
241the noise, and the Am peak was just resolved. The K X-ray escape peak
57described above was just unresolved in the Co spectrum, but its presence
241is nonetheless clear. This may be a crucial factor in the case of Am,
since, because the escape peak is unresolVable from the electronic noise,
it  will tead to add to i t ,  and thus reduce the peak to valley ratio. The
241best peak to valley ratio that could be obtained for Am was 8.0 ± 0.6 :
1. This value was dependent on the gamma ray intensity. The result quoted 
here is for a 3.7 MBq source at a distance of about 100 mm, which gave a 
full energy peak count rate of about 2000 cps. To our knowledge this work 
represents the first  time that energies below 122 keV have been 
successfully resolved from the electronic noise in a detection system of 
this type.
6.4.3 COMPARISON OF PREDICTED AND OBSERVED PULSE HEIGHTS
This comparison was made in order to verify, and hence justify the
use and validity of the theory described in 5.4. The absolute full energy
137pulse heights due to Cs 662 keV gamma rays in both the 10 x 10 x 25 (mm) 
and 10 x 10 x 2 (mm) crystals were compared, and the ratio of these was 
compared to the ratio predicted by the theory for the two values of A/Ao.
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The ratio of measured pulse heights was found to be 1.35 ± 0.06 : 1 from 
the data already given. The theory predicts a value of 1.37:1 for the same 
ratio, which is in good agreement with the experimental data. The
. t
variation of light output with A/Ao for a range of different crystal 
thicknesses would make an interesting subject for a future project, as 
there may be an optimum thickness dependent on the detailed scattering 
behaviour of light inside the crystal.
6.5 USE OF CsH(Tl) WITH OTHER DIODE TYPES
Several photodiode types other than the S1790 were tested with 
CsI(Tl), but all were found to be inferior in performance to the S1790.
The tests are summarised below, together with a brief discussion as to why 
they performed as they did.
MICRON SEMICONDUCTOR MSP 3 DIODE
This was the same 10 x 10 (mm) diode described in 4 .4 .2 , and had a 
resin window to facilitate optical coupling to scintillators. The diode 
was tested with both the 10 x 10 x 25 (mm) and the 10 x 10 x 2 (mm) 
crystals. The diode was operated at - 20 V and 3 ps shaping time to obtain 
optimum noise characteristics (420 e" RMS). The results obtained are 
summarised in Table 6.4 below.
Pulse height spectra at 662 keV in the 10 x 10 x 25 (mm) crystal and~ 
122/136 keV in the 10 x 10 x 2 (mm) crystal are not shown as they are very 
similar to Figures 6.3 and 6.5. The slightly lower pulse height per unit 
energy compared to the S1790 results may be due to a small difference in 
quantum efficiency. Detailed figures for this were not forthcoming from 
the manufacturer. Although the resolution is somewhat inferior to the 
S1790, the MSP 3 appears to be a useful alternative in non-critical 
applications.
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ISOTOPE ENERGY(keV)
PULSE HEIGHT
( O
RESOLUTION
(FWHM%)
CRYSTAL SIZE 
(mm)
241Am 59.6 > ■' - 10 x 10 x 2
57Co 122/136 5500 ± 600 27 ± 3 10 x 10 x 2
57Co 122/136 4100 ± 600 36 ± 5 10 x 10 x 25
22Na(e+) 511 14800 ± 700 10 ± 1 10 x 10 x 25
137Cs 662 19200 ± 700 8.3 ± 0.6 10 x 10 x 25
CT3 o
o o 117 32600 ± 700 5.2 ± 0.6 10 x 10 x 25
22Na 128 35600 ± 800 5.1 ± 0.4 10 x 10 x 25
60Co 1332 37500 ± 800 4.9 ± 0.4 10 x 10 x 25
TABLE 6.4 Performance of MSP3 Diode with CsI(Tl)
MICRON SEMICONDUCTOR MSP5
As described in 4 .4 .2 , this 5 x 5  (mm) diode proved very unreliable.
In addition to this, the surface of the resin coating was markedly convex 
in shape, which proved very awkward for coupling to the scintillator. A 
piece of CsI(Tl), 4 x 4 x 3  (mm) was cut from a 3 mm slice of the 10 x 10 x 
100 (mm) crystal supplied. After the usual surface treatment, the centre
of the smooth face was worn away with a damp cotton wool bud until the
curvature of the face approximated that of the diode resin window. The 
crystal was then mounted on to the diode as described in 6 .2 .2 .  
Unfortunately the diode failed at the first  attempt to use i t ,  and since
this was the third of its type to do so, no more were ordered.
HAMAMATSU 1223 DIODE
This device is encapsulated in a TO-8 metallic can with resin window. 
It had a sensitive area of dimensions 3.7 x 3.7 (mm), and a capacitance of 
22 pF at full depletion. The dark current was less than 1 nA, and the
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electronic noise was promisingly low, varying from 320 to 350 e" RMS
between different samples; at -  20 V, and 3 ps shaping time. The very low
price (about £3 each) allowed 15 to be ordered. The glass window of the
can was removed on a lathe, and this process damaged 6 of the 15 and
rendered them useless. A small piece of mylar was glued to the smooth face
of a 3 x 3 x 6 (mm) piece of CsI(Tl). After setting, this was then glued
to the face of each surviving diode in turn. All but the last one
immediately failed. The diode and crystal were encapsulated in MgO powder
137as described in section 6 .4 .1 . The assembly was then tested with a Cs 
662 keV gamma ray source. The diode failed while the first  spectrum was 
being taken. The initial impression was that the full energy peak was 
partially resolved, at about 15 - 20% FWHM, but this figure is highly 
subjective. The diodes probably failed because of contamination with 
particles of CsI(Tl) due to the difficulties in handling such small 
samples. Improvements in coupling techniques might make further 
investigations with the type of diode worthwhile; for example the diode 
could be potted in a suitable elastomeric resin within its mounting can 
which should increase its ruggedness.
HAMAMATSU S2620 DIODE
Again, this 6 x 6  (mm) device is described in 4 .4 .2 . A 5 x 5 x 2 (mm)
241scintillator coupled as in 6.6J.was tested with Am 59.6 keV gamma rays.
The full energy peak was observed above the noise, but was not well 
resolved. A peak to valley ratio of about 2:1 was the best that could be 
achieved. Once again, the handling difficulties may have contributed to a 
performance which was not quite as good as expected, considering the low 
noise level of 360 e~ RMS at -  15 V and 6 ps shaping time. These diodes 
were among the last received during the course of the project, and there
A
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was no time available to attempt further improvements in materials or 
techniques for small crystal assemblies.
SPECIAL NOTE
Photographs of various components mentioned in the text are to be 
found, for convenience, at the end of the chapter in Figures 6.12 and 6.13
6.6 APPLICATION TO COMPUTED TRANSMISSION TOMOGRAPHY
This technique relies on computer assistance to derive a two 
dimensional image of a section through an object, based on the attenuation 
of a collimated photon beam, with respect to the same beam in air. This i 
measured in a series of horizontal steps across the entire object, and the 
object is then rotated around a vertical axis by a small angle for each 
successive scan, until it  has been turned through 180°. The mathematical 
basis for this method is
'  1n ( h )  = /  f ( x,y) ds
where I = transmitted photon intensity
lo = photon intensity in air
f(x,y) = the spatial distribution of attenuation coefficients
within the object, 
ds = the path of the beam through the object.
For detailed information on the subject of computed tomography, see 
FOSTER (1981).
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6.6.1 PERMANENTLY COUPLED DETECTOR ASSEMBLY
The experiments described so far in this chapter were mostly 
performed with the encapsulated crystal greased on to the diode. This is 
suitable or perhaps even preferable for the types of test described, but 
many applications require a permanently coupled and more rugged assembly. 
This was achieved by gluing a 10 x 10 x 25 (mm) CsI(Tl) crystal to the 
resin window of an S1790 with NE 581 optical epoxy. The refractive index 
of this glue is approximately 1 .5 , and so no significant increase in light 
loss was expected. The crystal and diode were embedded in tightly packed 
MgO powder, and sealed with adhesive tape. Teflon tape could have alter­
natively been used in this case. The detector was then mounted in an 
aluminium screw top container with a coaxial cable feed-through. The 
aluminium can was slightly larger in all dimensions than the detector and 
connections. A liberal wrapping of adhesive tape around the inner phial 
immobilised it  within the aluminium can; the can provided good electrical
screening under normal circumstances. The resolution was measured for 
1 T7Cs 662 keV gamma rays as 8.1% ± 0.4% FWHM with a shaping time of 6 ps, 
and air bubbles in the epoxy is a possible explanation for this slight 
degradation from the optimum value. The pulse height was 21,100 ± 800 e” , 
at a shaping time of 8 psec.
6 .6.2 TRANSMISSION TOMOGRAPHY AT 662 KeV
The detector described above was used with the usual electronics. A 
single channel analyser encompassing the 662 KeV full energy peak was used 
with a scaler/timer to provide data for a microcomputer. The channel width 
and position were collimated by pulser. The technique of using only full 
energy information avoids degradation of the image caused by detection of
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r a d i a t i o n  s c a t t e r e d  i n t o  t h e  d e t e c t o r  f r o m  o t h e r  a r e a s  o f  t h e  o b j e c t .  
C o l l i m a t i o n  o f  b o t h  d e t e c t o r  a n d  s o u r c e  w a s  p r o v i d e d  b y  t w o  5 0  mm t h i c k  
l e a d  b r i c k s  w i t h  a  4  mm d i a m e t e r  h o l e  i n  e a c h .  A  v i s i b l e - l i g h t  l a s e r  w a s  
u s e d  t o  c h e c k  t h e  a l i g n m e n t  o f  t h e  c o l l i m a t o r s .  A  m o r e  c o m p l e t e  
d e s c r i p t i o n  o f  t h e  r i g  i s  g i v e n  b y  F O S TE R ( 1 9 8 1 ) .  T w o  o b j e c t s  w e r e  i m a g e d ,  
a n d  t h e s e  a r e  d e s c r i b e d  b e l o w .
1 .  A  5 0  mm s o l i d  c y l i n d r i c a l  s e c t i o n  t h r o u g h  a  s t e e l  w e l d .  T o  t h e
n a k e d  e y e ,  t h e r e  w a s  a c o r r o d e d  a r e a  o f  t h e  s u r f a c e  o f  t h e
s e c t i o n ,  w h i c h  a p p e a r e d  t o  b e  1 -  2  mm d e e p .  T h e  p l a n e  o f  t h e  
i m a g e  t a k e n  w a s  t h r o u g h  t h i s  r e g i o n ,  a n d  a 2 mm s t e p  s i z e  w a s  
u s e d .
2 .  A  l a r g e  s e c t i o n  o f  a  p i p e  m a d e  o f  1 2  mm t h i c k  s t e e l  w a s  p l a c e d  i n
t h e  r i g .  I n s i d e  t h i s  w e r e  i n s e r t e d  3  p o l y t h e n e  j a r s ,  o n e
c o n t a i n i n g  w a t e r ,  o n e  g r o u n d  l i m e s t o n e ,  a n d  t h e  t h i r d  c o a l  a s h  
f r o m  B r i t i s h  c o a l .  A  4  mm s t e p  s i z e  w a s  u s e d .
T h e  r e s u l t s  w e r e  q u i t e  i m p r e s s i v e ,  a n d  a r e  i l l u s t r a t e d  i n  F i g u r e  6 . 14. 
T h e  s t e e l  w e l d  t o m o g r a p h  c l e a r l y  s h o w s  a w e l d  d e f e c t  w h i c h  e x t e n d s  a t  l e a s t  
a s  f a r  a s  1 2  mm b e n e a t h  t h e  s u r f a c e  o f  t h e  s e c t i o n .  T h e  p i p e  s e c t i o n  
t o m o g r a p h  r e v e a l e d  t h e  3  o b j e c t s ,  f r o m  l e f t  t o  r i g h t ,  l i m e s t o n e ,  w a t e r  a n d  
a s h .  T h e  j a r  c o n t a i n i n g  a s h  w a s  n o t  f u l l y  f i l l e d ,  a n d  i t  w a s  d i s c o v e r e d  
a f t e r  l o o k i n g  a t  t h e  i m a g e  t h a t  t h e  p l a n e  o f  t h e  t o m o g r a p h  w a s  a t  a  h e i g h t  
w h i c h  b a r e l y  i n t e r c e p t e d  t h e  s u r f a c e  o f  t h e  a s h  f i l l i n g .  T h i s  t o m o g r a p h  i s  
a n  e x c e l l e n t  e x a m p l e  o f  i m a g i n g  a  l o w  d e n s i t y  o b j e c t  s u r r o u n d e d  b y  h i g h  
d e n s i t y  m a t e r i a l .
O v e r a l l ,  t h e  r e s u l t s  w e r e  v e r y  s a t i s f y i n g ,  a n d  o f  a  q u a l i t y  c o m p a r a b l e  
t o  t h o s e  o b t a i n e d  p r e v i o u s l y  u s i n g  a  5 0  mm d i a m e t e r  N a l ( T l ) - p h o t o m u l t i p l i e r  
d e t e c t o r .
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6 . 6 . 3  TRANSMISSION TOMOGRAPHY AT 5 9 . 6  KeV
T h e  S 1 7 9 0  w i t h  a  1 0  x  1 0  x  2  ( mm)  C s I ( T l )  c r y s t a l  d e s c r i b e d  i n  6 . 4 . 1
on 1
w a s  m o u n t e d  i n  t h e  a l u m i n i u m  v i a l .  A  t e s t  s p e c t r u m  w i t h  a  c o l l i m a t e d  Am 
s o u r c e  s h o w e d  t h a t  t h e  f u l l  e n e r g y  p e a k  t o  v a l l e y  r a t i o  w a s  o n l y  a b o u t  2 :
1 .  T h e  d e c i s i o n  w a s  t a k e n  a t  t h a t  p o i n t  t o  d i s c o n t i n u e  t h e  a t t e m p t  t o  u s e  
t h i s  d e t e c t o r  f o r  t o m o g r a p h y ,  a s  i t  c o m p a r e d  u n f a v o u r a b l y  w i t h  t h e  
c o n v e n t i o n a l  N a I ( T 1 ) - p h o t o m u l t i p i i e r  d e t e c t o r .
T h i s  a b o r t i v e  e x p e r i m e n t  l e d  t o  s o m e  i n t e r e s t i n g  a n d  r a t h e r  s u r p r i s i n g  
e x p e r i m e n t s  w i t h  s m a l l  p h o t o m u l t i p l i e r s ,  m a n u f a c t u r e d  b y  H a m a m a t s u ,  a n d  
o n l y  1 0  mm i n  d i a m e t e r  ( s e e  F i g .  6 . 1 3 )  w h i c h  w e r e  u s e d  f o r  a  1 6  d e t e c t o r  
a r r a y  i n  t h e  t o m o g r a p h y  r i g .  A  1 0  mm d i a .  x  2 0  mm d e e p  N a l ( T l )  c r y s t a l  
m a d e  b y  H i l g e r  w a s  s u p p l i e d ,  a n d  c o u l d  a c h i e v e  a r e s o l u t i o n  o f  a b o u t  2 3 %  
FWHM a t  5 9 . 6  K e V  w h e n  m o u n t e d  o n  o n e  o f  t h e s e  t u b e s .  O u t  o f  c u r i o s i t y ,  o n e  
o f  t h e  1 0  x  1 0  x  2  ( mm)  C s I ( T l )  c r y s t a l s  w a s  c u t  d o w n  t o  a r o u g h  o c t a g o n a l  
s h a p e  ( l e s s  t h a n  10 mm a c r o s s  i n  a n y  d i r e c t i o n )  e n c a p s u l a t e d ,  a n d  g r e a s e d  
o n  t o  o n e  o f  t h e s e  p h o t o m u l t i p l i e r s .  I t  p r o v e d  p o s s i b l e  t o  r o u t i n e l y  
a c h i e v e  a n  e n e r g y  r e s o l u t i o n  o f  b e t t e r  t h a n  2 0 %  FWHM a t  5 9 . 6  k e V ,  a n d  t h e  
p u l s e  h e i g h t  w a s  l a r g e r  t h a n  t h a t  o b t a i n e d  w i t h  t h e  N a l ( T l )  c r y s t a l .  I t  
w a s  d e c i d e d  a t  t h a t  p o i n t  t o  u s e  1 0  mm d i a .  x  3  ( mm)  d e e p  C s I ( T l )  c r y s t a l s  
o n  a l l  1 6  p h o t o m u l t i p l i e r s  i n  t h e  a r r a y .  T h e  c r y s t a l s  w e r e  c u t  f r o m  a  1 0  
mm d i a .  x  1 0 0  mm r o d  o f  C s I ( T l )  o r d e r e d  f r o m  BDH .  T h e s e  w e r e  w r a p p e d  i n  
t e f l o n  t a p e  ( f o r  s i m p l i c i t y )  a n d  w e r e  e a c h  t e s t e d  o n  t h e  s a m e  
p h o t o m u l t i p l i e r .  A l l  a c h i e v e d  a  r e s o l u t i o n  b e t t e r  t h a n  2 0 %  FWHM a t  5 9 . 6  
k e V ,  a n d  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  p u l s e  h e i g h t  o b t a i n e d  w a s  a b o u t  2 % .  
T h i s  s p r e a d  w a s  a t  l e a s t  a n  o r d e r  o f  m a g n i t u d e  b e t t e r  t h a n  t h e  v a r i a t i o n  i n  
p h o t o m u l t i p l i e r  s e n s i t i v i t y  w h e n  a l l  1 6  p h o t o - t u b e s  w e r e  o p e r a t e d  a t  t h e  
s a m e  v o l t a g e .
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T h e  m o s t  l i k e l y  e x p l a n a t i o n  o f  t h e  l a r g e r  p u l s e  h e i g h t  o b s e r v e d  f o r  
t h e  C s I ( T l )  c r y s t a l s  i s  s u p e r i o r  l i g h t  c o l l e c t i o n  w i t h  r e s p e c t  t o  t h e  
H i l g e r  c r y s t a l .  T h e s e  c r y s t a l s  a l s o  r e p r e s e n t e d  a  c o n s i d e r a b l e  f i n a n c i a l  
s a v i n g ,  a s  t h e y  w e r e  p r o d u c e d  a n d  t e s t e d  b y  t w o  p e o p l e  i n  l e s s  t h a n  o n e  
d a y ,  f o r  a t o t a l  m a t e r i a l s  c o s t  o f  £ 8 0 .  T h e  h e r m e t i c a l l y  s e a l e d  H i l g e r  
N a l ( T l )  c r y s t a l  c o s t  a b o u t  £ 6 0 .
6 . 7  A P P L I C A T I O N  TO D O SI M E T R Y
A l t h o u g h  p u l s e  h e i g h t  a n a l y s i s  p r o v i d e s  m o r e  i n f o r m a t i o n  a b o u t  a  
r a d i a t i o n  s o u r c e  t h a n  a d c  m e a s u r e m e n t ,  t h e  l a t t e r  m e t h o d  i s  s t i l l  u s e f u l  
f o r  l e s s  d e m a n d i n g  a p p l i c a t i o n s .  T h e s e  i n c l u d e  m o s t  s i t u a t i o n s  w h e r e  
s i m p l e  e x p o s u r e  r a t e  m e a s u r e m e n t s  a r e  r e q u i r e d ,  s u c h  a s  w i t h  gamma a l a r m  
m o n i t o r s .  I n  t h i s  s e c t i o n ,  t h e  s u i t a b i l i t y  o f  a  C s I ( T 1 ) - p h o t o d i o d e  
c o m b i n a t i o n  i s  a s s e s s e d  f o r  s u c h  m e a s u r e m e n t s .
6 . 7 . 1 .  E X P E R I M E N T A L  ARRANGEMENT
T h e  d e t e c t o r  a s s e m b l y  w a s  i d e n t i c a l  t o  t h a t  d e s c r i b e d  i n  S e c t i o n
6 . 6 . 1 ,  a n d  a B e n t h a m  2 1 0  E c u r r e n t  s e n s i t i v e  a m p l i f i e r  w a s  u s e d  t o  m e a s u r e  
t h e  g e n e r a t e d  c u r r e n t .  T h i s  i n s t r u m e n t  h a s  a d i g i t  d i s p l a y ,  w i t h  a  
m a x i m u m  s e n s i t i v i t y  o f  1 0 0  p A f u l l  s c a l e ;  m e a s u r e m e n t s  o f  t h e  d i o d e  c u r r e n t  
w e r e  v e r y  s t a b l e  w i t h  f l u c t u a t i o n s  o f  o n l y  1 o r  2 i n  t h e  l a s t  d i g i t .  
C o n s e q u e n t l y ,  r e a d i n g s  i n  t h e  p A  r a n g e  w e r e  a c c u r a t e  t o  w i t h i n  a f e w  
p e r c e n t ,  a n d  w e r e  c e r t a i n l y  m u c h  m o r e  a c c u r a t e  t h a n  d e t e r m i n a t i o n  o f  t h e  
d o s e  r a t e  a t  t h e  s c i n t i l l a t o r .  T h i s  w a s  m e a s u r e d  u s i n g  a NE PDM 1 
i o n i s a t i o n  c h a m b e r  m o n i t o r ,  w h i c h  w a s  p o s i t i o n e d  a l o n g s i d e  t h e  
s c i n t i l l a t o r .  A  7 4  MBq n e e d l e  s o u r c e  o f  C s - 1 3 7  w a s  u s e d ,  a n d  i t s  d i s t a n c e
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p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  s c i n t i l l a t o r  a n d  m o n i t o r  w a s  v a r i e d  i n  
o r d e r  t o  a l t e r  t h e  d o s e  r a t e .  T h e  m o n i t o r  w a s  c l a i m e d  t o  b e  1 0 %  a c c u r a t e  
a t  6 6 2  k e V  o v e r  a  w i d e  r a n g e  o f  d o s e  r a t e s .
6 . 7 . 2  E X P E R I M E N T A L  R E S U L T S
T h e  o b s e r v e d  p h o t o c u r r e n t  o v e r  f o u r  d e c a d e s  o f  d o s e  a t  6 6 2  k e V  i s  
s h o w n  i n  F i g u r e  6 . 1 5  T h e  a s s e m b l y  e v i d e n t l y  d i s p l a y s  g o o d  l i n e a r i t y  o v e r  
t h e  m e a s u r e d  r a n g e ,  a n d  d e v i a t i o n s  a t  t h e  h i g h  d o s e  e n d  a r e  p r o b a b l y  d u e  t o  
t h e  p o o r  g e o m e t r y  o f  t h e  e x p e r i m e n t  w h e n  t h e  s o u r c e - d e t e c t o r  d i s t a n c e  i s  o f  
t h e  o r d e r  o f  t h e  d e t e c t i o n  d i m e n s i o n s .  T h e  r e s u l t s  a r e  s u f f i c i e n t l y  
e n c o u r a g i n g  f o r  f u r t h e r  m e a s u r e m e n t s  t o  b e  w a r r a n t e d ,  a n d  t h e s e  s h o u l d  
p r e f e r a b l y  b e  c a r r i e d  o u t  b y  u s e  o f  a  w e l l  c a l i b r a t e d  e x p e r i m e n t a l  
a r r a n g e m e n t  i n v o l v i n g  a m o r e  a c c u r a t e  d o s e - m e t e r .  A s e l e c t i o n  o f  d i f f e r e n t  
i s o t o p i c  s o u r c e s  o r  a n  X - r a y  t u b e  w i t h  v a r i o u s  f l u o r e s c e n t  t a r g e t s  m i g h t  b e  
u s e d  t o  p r o v i d e  m o r e  i n f o r m a t i o n  a b o u t  e n e r g y  d e p e n d e n c e  o f  t h e  a s s e m b l y  
s e n s i t i v i t y .
6.8 C O I N C I D E N C E  T I M I N G  E X P E R I M E N T S  W I T H  C s l ( T l )
T h e s e  e x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  t w o  a i m s  i n  m i n d .  T h e  f i r s t  w a s  
t o  m e a s u r e  t h e  c o i n c i d e n c e  r e s o l v i n g  t i m e  o f  t w o  C s l ( T l ) - p h o t o d i o d e  
d e t e c t o r  a s s e m b l i e s  w h e n  e x p o s e d  t o  p o s i t r o n  a n n i h i l a t i o n  r a d i a t i o n .  T h i s  
c o u l d  b e  i m p o r t a n t  i n  a n y  f u t u r e  a p p l i c a t i o n  t o  p o s i t i o n  e m i s s i o n  
t o m o g r a p h y ,  a s  t i m e  o f  f l i g h t  i n f o r m a t i o n  c a n  b e  v e r y  u s e f u l  i n  t h i s  
t e c h n i q u e .  T h e  s e c o n d  a i m  w a s  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  u s i n g  
c o i n c i d e n c e  t e c h n i q u e s  t o  s u m  t h e  s i g n a l s  f r o m  t w o  d i o d e s  c o u p l e d  t o  t h e  
s a m e  c r y s t a l .  I n  t h i s  w a y ,  i t  w a s  h o p e d  t h a t  p h o t o n  e n e r g i e s  l o w e r  t h a n
5 9 . 6  k e V  c o u l d  b e  r e s o l v e d  f r o m  t h e  n o i s e .
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DIODE CURRENT (PIMPS)
IE-1 1E0 1E1 1E2 1E3 1E4
DOSE HATE IHICRO SV/HH)
F I G .  6 . 1 5 .  G a m m a  d o s e  r a t e  m e a s u r e m e n t s .
6 . 8 . 1  T IM E  RESOLUTION OF TWO DETECTOR ASSEMBLIES
T h e  e x p e r i m e n t a l  a r r a n g e m e n t  w a s  a s  s h o w n  i n  F i g u r e  6 . 1 6  T h e  t i m i n g
i n f o r m a t i o n  w a s  p r o v i d e d  b y  a  C a n b e r r a  2 0 3 5  c o n s t a n t  f r a c t i o n  t i m i n g  s i n g l e
c h a n n e l  a n a l y s e r  ( T S C A )  i n  e a c h  o f  t h e  t w o  d e t e c t o r  c h a n n e l s .  T h e  p o s i t i v e
l o g i c  o u t p u t  o f  e a c h  o f  t h e s e  w e r e  c o n n e c t e d  t o  t h e  ' s t a r t 1 a n d  ' s t o p '
c h a n n e l s  r e s p e c t i v e l y  o n  t h e  T A C ,  w h i c h  w a s  c a l i b r a t e d  w i t h  a  p u l s e r  a n d
o s c i l l o s c o p e .  T h e  s e l f - c o i n c i d e n c e  t i m i n g  r e s o l u t i o n  o f  t h e  s y s t e m  w a s
m e a s u r e d  b y  a p p l y i n g  a  p u l s e r  t o  t h e  i n p u t  o f  o n e  o f  t h e  C a n b e r r a  1 4 1 3  m a i n
s h a p i n g  a m p l i f i e r s  a n d  t h e  o u t p u t  t o  e a c h  o f  t h e  T S C A ' s .  T h e  t i m e
r e s o l u t i o n  w a s  m e a s u r e d  f r o m  t h e  MCA a s  1 0  n s  FWHM, o v e r  a  w i d e  r a n g e  o f
s h a p i n g  t i m e s .  T h i s  w a s  i n c r e a s e d  t o  1 1 2  ±  5  n s  w h e n  t h e  p u l s e r  w a s
a p p l i e d  t o  t h e  i n p u t  o f  e a c h  o f  t h e  t w o  m a i n  a m p l i f i e r s  s i m u l t a n e o u s l y .
T h i s  m a y  h a v e  b e e n  d u e  t o  d i s t o r t i o n  o f  t h e  i n i t i a l  p u l s e  w h e n  t h e  t w o
l e a d s  w e r e  c o n n e c t e d  t o  t h e  p u l s e r .  B i p o l a r  o u t p u t  f r o m  t h e  a m p l i f i e r s  h a d
t o  b e  u s e d  t o  o b t a i n  a  c o i n c i d e n c e  s i g n a l  i n  t h i s  c a s e .  T h e  n e x t  s t e p  w a s
t o  c o n n e c t  t h e  t w o  d e t e c t o r  a s s e m b l i e s  d e s c r i b e d  i n  6 . 3  a n d  6.6  a n d  t h e i r
a s s o c i a t e d  p r e a m p l i f i e r s  t o  t h e  s y s t e m  a s  s h o w n  i n  t h e  f i g u r e .  T h e
22
d e t e c t o r s  w e r e  p l a c e d  a b o u t  1 5 0  mm a p a r t ,  w i t h  a  Na s o u r c e  p o s i t i o n e d  
a l o n g  t h e  a x i s  b e t w e e n  t h e m .  T h e  L L D ' s  a n d  U L D ' s  o f  t h e  T S C A ' s  w e r e  s e t  s o  
a s  t o  b r a c k e t  t h e  5 1 1  k e V  a n n i h i l a t i o n  r a d i a t i o n  f u l l  e n e r g y  p e a k .  
E v a l u a t i o n  o f  t h e  c o i n c i d e n c e  r e s o l v i n g  t i m e  o v e r  d i f f e r e n t  t i m e  c o n s t a n t s  
w a s  p e r f o r m e d .  T h e  o p t i m u m  t i m e  c o n s t a n t  w a s  f o u n d  t o  b e  2  p s ,  a n d  b o t h  
u n i p o l a r  a n d  b i p o l a r  o u t p u t s  f r o m  t h e  s h a p i n g  a m p l i f i e r  y i e l d e d  i d e n t i c a l  
f i g u r e s  o f  3 0 0  ±  3 0  n s  FWHM. T h e  c o r r e s p o n d i n g  s p a t i a l  r e s o l u t i o n  o f  t h i s  
s y s t e m  i s  t h u s  a b o u t  9 0  m ,  w h i c h  i s  f a r  i n  e x c e s s  o f  t h e  d i m e n s i o n s  o f  a n y  
c o n c e i v a b l e  t o m o g r a p h y  s y s t e m .  I t  w a s  c o n c l u d e d  t h a t  t h i s  a r r a n g e m e n t  w a s  
n o t  s u i t a b l e  f o r  t h e  a c q u i s i t i o n  o f  t i m e  o f  f l i g h t  i n f o r m a t i o n  f o r  p o s i t r o n  
e m i s s i o n  t o m o g r a p h y .
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F I G ,  6 . 1 6 ,  E x p e r i m e n t a l  a r r a n g e m e n t  fo r  
c o i n c i d e n c e  m e a s u r e m e n t s .
6 . 8 . 2  SUMMATION OF SIGNAL FROM TWO DIODES
T h i s  p r o j e c t  n e v e r  p r o g r e s s e d  b e y o n d  t h e  s t a t u s  o f  a  f e a s i b i l i t y
i n v e s t i g a t i o n ,  d u e  t o  p r a c t i c a l  d i f f i c u l t i e s .  I f  t h e  s i g n a l s  f r o m  t w o
d i o d e s  c o u p l e d  t o  t h e  s a m e  p i e c e  o f  C s I ( T l ) w e r e  a d d e d ,  t h e  t o t a l  s i g n a l
w o u l d  o n l y  h a v e  i n c r e a s e d  b y  a b o u t  4 %  ( d u e  t o  t h e  i m p r o v e m e n t  i n  A / A o ) ,
w h i l e  t h e  n o i s e  w o u l d  h a v e  i n c r e a s e d  b y  a  f a c t o r  o f  V 2 ,  o r  4 1 % .  T h i s  w o u l d
c a u s e  a s e r i o u s  r e d u c t i o n  i n  r e s o l u t i o n ,  a l t h o u g h  i t  w o u l d  d e c r e a s e  t h e
t o t a l  n o i s e  c o u n t i n g  r a t e ,  a s  o n l y  r a n d o m  n o i s e  c o i n c i d e n c e s  b e t w e e n  t h e
t w o  d e t e c t o r s  w o u l d  b e  o b s e r v e d .  A n  e s t i m a t e  o f  t h e  f r e q u e n c y  o f  s u c h
c o i n c i d e n c e s  ( u s i n g  n 2t ,  n =  f r e q u e n c y  o f  n o i s e  p u l s e s ,  t  =  t i m e
r e s o l u t i o n )  a t  a n  8 p s  s h a p i n g  t i m e  ( t  =  8 0 0  n s  a t  8 p s ,  a n d  n ~  1 / t )  g i v e s
a  f i g u r e  o f  3 0 0  c p s .  T w o  S 1 7 9 0  d i o d e s  w e r e  c o u p l e d  t o  a 1 0  x  1 0  x  2  (mm)
C s I ( T l )  c r y s t a l ,  w h i c h  h a d  i t s  e d g e  w r a p p e d  w i t h  a  t h i n  s t r i p  o f  t e f l o n
t a p e .  T h e  e l e c t r o n i c s  a r r a n g e m e n t  u s e d  i d e n t i c a l  t o  t h a t  u s e d  i n  6 . 8 . 1 ,
2 4 1
a n d  a 3 . 7  MBq Am s o u r c e  w a s  p l a c e d  a b o u t  5 0  mm f r o m  t h e  c r y s t a l .  F o r  
r e a s o n s  w h i c h  w e r e  n o t  u n d e r s t o o d  n o  s i g n a l  c o i n c i d e n c e s  w e r e  o b s e r v e d ,  a n d  
f u r t h e r  e x p e r i m e n t a t i o n  w a s  a b a n d o n e d  d u e  t o  l a c k  o f  t i m e .
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CHAPTER 7
E X P E R I M E N T A L  S T U D I E S  OF  C s I ( T l )  L U M I N E S C E N C E
A  b r i e f  e x p e r i m e n t a l  i n v e s t i g a t i o n  i n t o  s o m e  o f  t h e  p r o p e r t i e s  o f  
C s I ( T l )  s c i n t i l l a t i o n  l i g h t  i s  p r e s e n t e d  h e r e ,  a n d  t h e  r e s u l t s  c o m p a r e d  t o  
t h o s e  o f  o t h e r  w o r k e r s  i n  t h e  f i e l d .  T h e  p r o p e r t i e s  c h o s e n  f o r  
i n v e s t i g a t i o n  a r e  t h o s e  w h i c h  a r e  n o t  w e l l  d e s c r i b e d  b y  s i m p l e  m o d e l s ,  a n d  
t h e  o b s e r v a t i o n s  o f  d i f f e r e n t  r e s e a r c h e r s  h a v e o f t e n  b e e n  c o n t r a d i c t o r y .
7 . 1  THE P H O S P H O R ES C EN T E M I S S I O N  OF  C s I ( T l )  L I G H T
S c i n t i l l a t i o n  l i g h t  d e t e c t i o n  i s  u s u a l l y  c o n c e r n e d  w i t h  t h e  p r o m p t l y  
e m i t t e d  f l u o r e s c e n t  l i g h t .  I n  s o m e  s c i n t  i l l a t o r s ,  n o t a b l y  t h e  a l k a l i  
h a l i d e s ,  d e l a y e d  o r  p h o s p h o r e s c e n t  l i g h t  m i y  a l s o  b e  e m i t t e d .  T h i s  m a y  b e  
m e a s u r a b l e  a t  q u i t e  l o n g  p e r i o d s  a f t e r  t h e  i n i t i a l  s t i m u l a t i o n ,  a n d  i s  
u s u a l l y  c a l l e d  a f t e r g l o w .
T h e  o c c u r r e n c e  o f  a f t e r g l o w  i n  a l k a l i  h a l i d e  s c i n t i l l a t o r s  h a s  b e e n  
w e l l  k n o w n  f o r  m a n y  y e a r s ,  a n d  a  c o m p r e h e n s i v e  s t u d y  o f  t h e  p r o c e s s e s  
i n v o l v e d  h a s  b e e n  p u b l i s h e d  b y  EMI GH a n d  M E G I L L  ( 1 9 5 4 ) .  T h e  e f f e c t  i s  
c a u s e d  b y  t r a p p i n g  o f  c h a r g e  c a r r i e r s  a t  i m p e r f e c t i o n s  i n  t h e  c r y s t a l  
l a t t i c e .  T h e  l e n g t h  o f  t i m e  f o r  w h i c h  t h e  c a r r i e r s  r e m a i n  t r a p p e d  i s  
d e p e n d e n t  o n  t h e  d e p t h  o f  t h e  t r a p ,  i . e .  t h e  e n e r g y  ( w h i c h  m u s t  b e  a c q u i r e d  
t h e r m a l l y )  n e c e s s a r y  t o  e x c i t e  t h e  c a r r i e r  t o  t h e  c o n d u c t i o n  b a n d ,  a n d  
t h e r e b y  t o  a  l u m i n e s c e n c e  c e n t r e .  T y p i c a l  t r a p p i n g  d e p t h s  i n  N a l ( T l )  a r e  
r e p o r t e d  t o  b e  0 . 6  e V  -  1 . 1  e V ,  w i t h  t h e  d e e p e s t  t r a p  h a v i n g  a  d e c a y  t i m e  
o f  a b o u t  9 0  m i n u t e s  a t  r o o m  t e m p e r a t u r e .  No s u c h  d e t a i l e d  s t u d y  a p p e a r s  t o  
h a v e  b e e n  p e r f o r m e d  o n  C s I ( T l ) ,  a l t h o u g h  DE LANEY ( 1 9 6 8 )  h a s  r e p o r t e d  t h e  
e x i s t e n c e  o f  a f t e r g l o w  d e c a y  c o m p o n e n t s  w i t h  l i f e t i m e s  o f  s e v e r a l  d a y s .
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T h e r e  i s  s o m e  e v i d e n c e  t h a t  t h e  p u r i t y  o f  t h e  c r y s t a l  m a y  a f f e c t  t h e  a m o u n t  
o f  a f t e r g l o w ,  a n d  F ARUKHI  ( 1 9 8 2 )  q u o t e s  v a r i a t i o n s  o f  u p  t o  a  f a c t o r  o f  5 0  
b e t w e e n  d i f f e r e n t  g r a d e s  o f  m a t e r i a l  f o r  t h e  l i g h t  o u t p u t  6 m s  a f t e r  
s t i m u l a t i o n .
7 . 1 . 1  E X P E R I M E N T A L  ARRANGEMENT
A s  s h o w n  i n  F i g .  7 . 1 ,  a n  EMI 9 8 9 3 / 5 0  f a s t  p h o t o m u l t i p l i e r  t u b e  i n  a  
s h u t t e r e d  h o u s i n g  w a s  u s e d  t o  d e t e c t  i n d i v i d u a l  p h o t o n s  f r o m  a 10 mm d i a .  x  
3  mm s a m p l e  o f  C s l ( T l ) .  A  f u l l  d e s c r i p t i o n  o f  t h e  p h o t o m u l t i p l i e r ,  a n d  t h e  
p r o c e d u r e  f o r  c o u n t i n g  s i n g l e  p h o t o n s  i s  g i v e n  b y  C O L V I N  ( 1 9 8 1 ) .  A n  O r t e c  
4 5 4  t i m i n g  f i l t e r  a m p l i f i e r  a n d  a n  O r t e c  4 7 3 A  c o n s t a n t  f r a c t i o n  
d i s c r i m i n a t o r  w e r e  u s e d  t o  p r o v i d e  s q u a r e  p u l s e s  t o  a  C a n b e r r a  S e r i e s  2 0  
m u l t i c h a n n e l  a n a l y s e r  i n  m u l t i c h a n n e l  s c a l i n g  m o d e .  T h e  m a x i m u m  d w e l l  t i m e  
w a s  4 s  p e r  c h a n n e l ,  w i t h  4 0 9 6  c h a n n e l s  a v a i l a b l e  ( a b o u t  4 . 5  h o u r s  t o t a l ) .
T h e  s i n g l e  e l e c t r o n  d a r k  c o u n t  r a t e  w a s  a b o u t  7 0  p u l s e s  p e r  s e c o n d .
1 3 7
A  7 4  MBq C s  s o u r c e  w a s  i n i t i a l l y  u s e d  t o  s t i m u l a t e  t h e  c r y s t a l ,  b u t  
t h i s  h a d  t w o  d i s a d v a n t a g e s .  F i r s t l y ,  t h e  s t i m u l a t i o n  w a s  i n s u f f i c i e n t  t o  
p r o v i d e  a  g o o d  r a t i o  o f  s i g n a l  t o  n o i s e  e v e n t s  a t  t i m e s  l o n g e r  t h a n  a  f e w  
m i n u t e s .  T h i s  w a s  p r o b a b l y  d u e  t o  t h e  p o o r  g e o m e t r i c  e f f i c i e n c y  o f  t h e  
a r r a n g e m e n t ,  a s  w e l l  a s  t h e  l o w  q u a n t u m  e f f i c i e n c y  o f  t h e  p h o t o m u l t i p l i e r .  
S e c o n d l y ,  i t  w a s  v e r y  d i f f i c u l t  t o  ' s w i t c h  o f f  t h e  s t i m u l a t i o n  f r o m  a  
r a d i o n u c l i d e  s o u r c e ,  a s  i t  m u s t  b e  p h y s i c a l l y  r e m o v e d  f r o m  t h e  v i c i n i t y .
T o  o v e r c o m e  t h e s e  d i f f i c u l t i e s ,  b o t h  a  t u n g s t e n  f i l a m e n t  w h i t e  l i g h t  l a m p ,  
a n d  a n  u l t r a  v o i l e t  l a m p  w e r e  u s e d  t o  s t i m u l a t e  t h e  s c i n t i l l a t o r ,  a n d  f o u n d  
t o  p r o d u c e  e f f e c t s  e q u i v a l e n t  t o  t h e  g a mm a  s o u r c e  ( p r e s u m a b l y ,  e n o u g h  
u l t r a - v i o l e t  l i g h t  i s  g e n e r a t e d  b y  t h e  t u n g s t e n  l a m p  t o  p r o d u c e  a  s i m i l a r  
d e g r e e  o f  v i s i b l e  l i g h t  e m i s s i o n  f r o m  t h e  s c i n t i l l a t o r ) .  T h e r e  w a s  a n  
e s t i m a t e d  d e l a y  o f  l e s s  t h a n  3  s e c o n d s  b e t w e e n  t h e  c e s s a t i o n  o f
(used in multichannel 
scaling mode)
F I G . 7.1 E x p e r i m e n t a l  A r r a n g e m e n t  f o r  I n v e s t iga t i o n  
o f  A f t e r g l o w .
s c i n t i l l a t o r  s t i m u l a t i o n  a n d  t h e  a c q u i s i t i o n  o f  d a t a .  T h i s  w a s  n e c e s s a r y  
i n  o r d e r  t o  e n s u r e  t h a t  t h e  s e n s i t i v e  p h o t o c a t h o d e  w a s  n o t  d i r e c t l y  
i l l u m i n a t e d ,  w h i c h  w o u l d  h a v e  s e v e r e l y  d a m a g e d  t h e  p e r f o r m a n c e  o f  t h e  t u b e .
7 . 1 . 2  O B S E R V A T I O N  OF A FTE RGL OW  I N  C s I ( T l )
T h e  r e s u l t s  r e c o r d e d  i n  t h e  e x p e r i m e n t  d e s c r i b e d  a b o v e  a r e  s h o w n  i n  
F i g u r e  7 . 2 .  T h e  d e c a y  c u r v e  i s  c o m p l e x  a n d  m a y  c o n s i s t  o f  t h e  s u m  o f  . 
s e v e r a l  d e c a y i n g  e x p o n e n t i a l s  w i t h  t i m e  c o n s t a n t s  r e f l e c t i n g  t h e  d e p t h s  o f  
d i f f e r e n t  t r a p  t y p e s  i n  t h e  c r y s t a l .  T h e  w o r k  o f  EMIGH a n d  M E G I L L  ( 1 9 5 4 )  
i n d i c a t e s  t h a t  t e m p e r a t u r e  v a r i a t i o n  i s  n e c e s s a r y  t o  p r e c i s e l y  d e t e r m i n e  
t h e  t r a p  d e p t h s ,  a n d  t h i s  w a s  n o t  d o n e  d u e  t o  l a c k  o f  f a c i l i t i e s  a n d ' t i m e ;  
a l l  t h e  p r e s e n t  d a t a  w a s  o b t a i n e d  a t  a p p r o x i m a t e l y  2 0 ° C .  I t  i s ' e v i d e n t  
f r o m  t h e  d a t a  s h o w n  t h a t  c o m p o n e n t s  w i t h  d e c a y  t i m e s  v a r y i n g  f r o m  a b o u t  s i x  
s e c o n d s  t o  s e v e r a l  h o u r s  w e r e  d e t e c t e d ,  a l t h o u g h  i t  p r o v e d  t o o  d i f f i c u l t  t o  
m e a s u r e  t h e s e  t i m e s  w i t h  a n y  d e g r e e  o f  c e r t a i n t y ,  f o r  s i m i l a r  r e a s o n s  t o  
t h o s e  d e s c r i b e d  i n  t h e  n e x t  S e c t i o n .
U n f o r t u n a t e l y ,  t h e  m a x i m u m  d w e l l  t i m e  o n  t h e  C a n b e r r a  S e r i e s  2 0  MCA i s  
o n l y  4  s e c o n d s ,  a n d  t h i s  l i m i t e d  t h e  l e n g t h  o f  t i m e  o v e r  w h i c h  t h e  
a f t e r g l o w  c o u l d  b e  c o n s t a n t l y  o b s e r v e d .  A t  t h e  c o n c l u s i o n  o f  t h e  
e x p e r i m e n t ,  t h e  p h o t o n  c o u n t i n g  r a t e  w a s  s t i l l  w e l l  a b o v e  t h e  n o i s e  l e v e l .  
T h e  a p p a r a t u s  w a s  l e f t  o v e r n i g h t  a n d  t h e  s i g n a l  c o u n t i n g  r a t e  w a s  s t i l l  
a b o u t  t w i c e  t h e  n o i s e  r a t e ,  2 4  h o u r s  a f t e r  t h e  s t a r t  o f  t h e  e x p e r i m e n t .  A  
f u r t h e r  8 h o u r s  l a t e r ,  t h e  s i g n a l  w a s  a b o u t  e q u a l  t o  t h e  n o i s e  c o u n t i n g  
r a t e ,  g i v i n g  a  d e c a y  c o n s t a n t  o f  a b o u t  12 h o u r s  f o r  t h e  l o n g e s t  c o m p o n e n t  
o b s e r v e d .
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7 . 2  THE FLUORESCENT E M IS S IO N  OF C S I ( T I )  L IG H T
T h i s  i s  t h e  p a r t  o f  t h e  l i g h t  e m i t t e d  f r o m  t h e  c r y s t a l  w h i c h  i s  t h e  
m o s t  i m p o r t a n t  f r o m  t h e  p o i n t  o f  v i e w  o f  r a d i a t i o n  d e t e c t i o n .  T h i s  s e c t i o n  
d e s c r i b e s  a n  i n v e s t i g a t i o n  i n t o  t h e  s h a p e  o f  t h e  s c i n t i l l a t i o n  p u l s e ,  a n d  
h o w  i t  i s  a f f e c t e d  b y  t h e  n a t u r e  o f  t h e  s t i m u l a t i n g  r a d i a t i o n ,  a n d  t h e  
w a v e l e n g t h  o f  t h e  l i g h t  e m i t t e d .
7 . 2 . i  E X P E R I M E N T A L  ARRANGEMENT FOR P U L SE  SHAP E D E T E R M I N A T I O N
T h i s  i s  s h o w n  i n  F i g u r e  7 . 3 ,  a n d  i s  b a s e d  o n  t h e  w o r k  o f  B O L L I N G E R  
a n d  THOMAS ( 1 9 6 1 ) .  T h e  s c i n t i l l a t o r  w a s  w r a p p e d  i n  t e f l o n  t a p e ,  a n d  t h e  
o p e n  f a c e  g r e a s e d  o n  t o  t h e  e n d  w i n d o w  o f  a n  RCA 5 6  A VP  f a s t  
p h o t o m u l t i p l i e r .  T h e  t e f l o n  t a p e  w a s  p u l l e d  v e r y  t i g h t  o v e r  t h e  o p p o s i t e  
e n d  f a c e  o f  t h e  s c i n t i l l a t o r ,  w h i c h  r e n d e r s  i t  s e m i - t r a n s p a r e n t  i n  o r d e r  t o  
a l l o w  a  s m a l l  f r a c t i o n  o f  t h e  l i g h t  t o  e s c a p e  i n  t h e  d i r e c t i o n  o f  t h e  EMI  
9 8 9 3 / 5 0 .  A  s h a p i n g  t i m e  o f  3  us  w a s  s e l e c t e d  i n  t h e  O r t e c  5 7 5  s h a p i n g  
a m p l i f i e r ,  a n d  t h e  b i p o l a r  o u t p u t  p u l s e s  w e r e  f e d  t o  a  C a n b e r r a  2 0 3 5 A  T S C A .  
T h e  S C A  w i n d o w  w a s  s e t  t o  e n c o m p a s s  t h e  f u l l  e n e r g y  p e a k  o f  t h e  
s c i n t i l l a t o r  o n l y ,  s i n c e  r e s t r i c t i n g  t h e  a m p l i t u d e  v a r i a t i o n  c a n  i m p r o v e  
t h e  t i m i n g  p r o p e r t i e s  o f  t h i s  d e v i c e .  T h e  n e g a t i v e  l o g i c  o u t p u t  o f  t h e  
T S C A  w a s  c o n n e c t e d  v i a  a  f i x e d  d e l a y  o f  4  p s  t o  t h e  ' s t a r t '  c h a n n e l  o f  a n  
O r t e c  4 3 7 A  T A C ,  T h e  s i n g l e  p h o t o n  c o u n t i n g  c h a n n e l  w a s  s i m i l a r  t o  t h a t  
d e s c r i b e d  i n  7 . 1 . 1 ,  b u t  a n  O r t e c  4 1 6 A  l i n e a r  g a t e  a n d  d e l a y  u n i t  w a s  u s e d  
t o  p r o v i d e  n e g a t i v e  l o g i c  p u l s e s  t o  t h e  ' s t o p '  i n p u t  o f  t h e  T A C ,  w i t h  a  
v a r i a b l e  d e l a y  t i m e .  T h e  p r i n c i p l e  o f  o p e r a t i o n  w a s  t o  m e a s u r e  t h e  t i m e  
i n t e r v a l  b e t w e e n  a  r e f e r e n c e  t i m i n g  p o i n t  d u r i n g  t h e  s c i n t i l l a t i o n  p u l s e  
( p r o v i d e d  b y  t h e  5 6  A V P  c h a i n ) ,  a n d  t h e  a r r i v a l  o f  a  s i n g l e  p h o t o n  f r o m  t h e  
s a m e  p u l s e  a t  t h e  9 8 9 3 / 5 0  p h o t o m u l t i p l i e r .  P r o v i d e d  t h a t ,  o n  a v e r a g e ,  l e s s
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F I G . 7.3 E x p e r i m e n t a l  A r r a n g e m e n t  for I n v e s t i g a t i o n  of  
  C S I (Tl) P u l s e  S h a p e s . _________________________
t h a n  o n e  p h o t o n  i s  d e t e c t e d  p e r  p u l s e ,  t h e  p r o b a b i l i t y  o f  t h e  a r r i v a l  o f  a  
p h o t o n  a t  a p a r t i c u l a r  p o i n t  i n  t h e  p u l s e  w i l l  b e  p r o p o r t i o n a l  t o  t h e  
n u m b e r  o f  p h o t o n s  g e n e r a t e d  p e r  u n i t  t i m e  a t  t h a t  p o i n t .  I n  t h i s  w a y ,  t h e  
r e c o r d e d  t i m e  s p e c t r u m  f r o m  t h e  T A C  r e p r e s e n t s  t h e  s h a p e  o f  t h e
s c i n t i l l a t i o n  l i g h t  p u l s e s  w i t h  r e s p e c t  t o  i n t e n s i t y  a n d  t i m e .
7 . 2 . 2  S C I N T I L L A T I O N  P U L S E  S H A P E S  FROM C s I ( T l )
A s  a n  i n i t i a l  e x p e r i m e n t ,  t h e  t i m e  r e s o l u t i o n  o f  t h e  s y s t e m  w a s
t e s t e d  b y  u s i n g  a  f a s t  p l a s t i c  s c i n t i l l a t o r  ( KL 2 1 2 )  i n  p l a c e  o f  t h e
C s I ( T l ) .  T h e  d e l a y  a n d  T A C  s c a l e s  w e r e  c a l i b r a t e d  w i t h  a n  o s c i l l o s c o p e  a n d
1 3 7
p u l s e r .  A 7 4  MBq C s  g a m m a  s o u r c e  p l a c e d  a  f e w  c e n t i m e t r e s  f r o m  t h e
a s s e m b l y  w a s  u s e d  t o  s t i m u l a t e  t h e  s c i n t i l l a t o r .  T h e  r i s e  t i m e  o f  t h e
p u l s e  h e i g h t  s p e c t r u m  o b s e r v e d  w a s  4 . 8  n s  ±  0 . 6  n s ,  a n d  t h e  d e c a y  t i m e  w a s
6.6  n s  ±  0.6  n s ,  b o t h  m e a s u r e d  f r o m  t h e  m a x i m u m  p e a k  i n t e n s i t y  t o  1 / e  o f
m a x i m u m .  T h e  v a l u e  o f  t h e  d e c a y  t i m e  o f  KL 2 1 2  i s  a b o u t  3  n s ,  a n d  s o  t h e
t i m e  r e s o l u t i o n  o f  t h e  s y s t e m  w a s  a b o u t  5  n s ,  a n d  t h i s  w a s  c o n s i d e r e d
a d e q u a t e  f o r  t h i s  t y p e  o f  m e a s u r e m e n t .  D u r i n g  b o t h  t h i s  a n d  t h e  f o l l o w i n g
e x p e r i m e n t ,  t h e  r a t i o  o f  ' s t o p '  t o  ' s t a r t '  p u l s e s  w a s  m o n i t o r e d  o n  a  *
s c a l e r ,  a n d  k e p t  b e t w e e n  a b o u t  0 .1  a n d  0 . 2 .
H a v i n g  e s t a b l i s h e d  t h e  v i a b i l i t y  o f  t h e  m e t h o d ,  t h e  n e x t  s t e p  w a s  t o
r e p l a c e  t h e  p t a s t i c  s c i n t i l l a t o r  w i t h  a  1 0  x  1 0  x  1 0  ( m m)  p i e c e  o f  C s I ( T l ) .
T h i s  w a s  t h e  l o n g e s t  p i e c e  a v a i l a b l e  w h i c h  w o u l d  a d h e r e  t o  t h e  w i n d o w  o f
t h e  p h o t o m u l t i p l i e r  b y  t h e  a d h e s i o n  o f  t h e  s i l i c o n e  g r e a s e  a l o n g .  T h e
e x p e r i m e n t  d e s c r i b e d  a b o v e  w a s  r e p e a t e d ,  a n d  t h e  s c a l e  o f  t h e  T AC w a s
a d j u s t e d  s o  a s  t o  d i s p l a y  t h e  m u c h  l o n g e r  p u l s e  s h a p e  e n c o u n t e r e d .  T h e
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e x p e r i m e n t  w a s  r e p e a t e d  u s i n g  a  3 . 7  x  1 0  Bq Am a l p h a  s o u r c e .  I t  i s  
w e l l  k n o w n  t h a t  t h e  C s I ( T l ) p u l s e  s h a p e  i s  d e p e n d e n t  o n  t h e  r a t e  o f  e n e r g y  
l o s s  o f  t h e  i n c i d e n t  r a d i a t i o n ,  a n d  t h i s  i s  o f t e n  u s e d  t o  p r o v i d e  p u l s e
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s h a p e  d i s c r i m i n a t i o n  b e t w e e n  g a mm a a n d  a l p h a  p u l s e s .  T h e  s o u r c e  w a s  p l a c e d  
d i r e c t l y  o n  t h e  s u r f a c e  o f  t h e  s c i n t i l l a t o r ;  a  s m a l l  h o l e  i n  t h e  t e f l o n  
t a p e  h a v i n g  b e e n  m a d e  t o  a l l o w  t h e  a l p h a  p a r t i c l e s  t o  r e a c h  t h e  c r y s t a l .
T h e  r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  i l l u s t r a t e d  i n  F i g u r e s  7 . 4  a n d  7 . 5 .  
S o m e  i m p o r t a n t  p a r a m e t e r s  d e s c r i b i n g  t h e  s h a p e  o f  t h e  p u l s e s  w e r e  m e a s u r e d  
f r o m  t h e  d a t a  o b t a i n e d ,  a n d  a r e  l i s t e d  i n  T a b l e  7 . 1 .  T h e  e x p o n e n t i a l  r i s e  
a n d  d e c a y  t i m e s  m e a s u r e d  s h o w  g o o d  a g r e e m e n t  w i t h  t h e  p u b l i s h e d  f i g u r e s ,  
b u t  t h e  o t h e r  p a r a m e t e r s  d e m o n s t r a t e  t h a t  t h e  s h a p e  o f  t h e  p u l s e  i s  m o r e  
c o m p l e x  t h a n  t h e  s i m p l i f i e d  f i g u r e s  s u g g e s t .  T h i s  i s  p r o b a b l y  b e c a u s e  t h e  
f i r s t  c e n t r e s  t o  b e  e x c i t e d  h a v e  a l r e a d y  s t a r t e d  t o  d c a y  b y  t h e  t i m e  t h e  
e x c i t a t i o n  i s  c o m p l e t e .
L E A D I N G  EDGE  
PARAMETER
GAMMA S T I M U L A T I O N A L P H A  S T I M U L A T I O N
O B S E R V E D  ( n s ) L I T .  ( n s ) O B S E RV ED  ( n s )  L I T .  ( n s )
0 . 9 1  -  0 . 1  I 
m a x  m a x
0 . 8 1  -  0*8 I  
m a x  — -  m a x  
e
0 . 5 1  -  0 . 5  I m a v  
m a x  m a x  
e
0 . 2 1  — 0 . 2  I  _ v 
m a x  — -  m a x  
e
100 ±  10 
5 5  ±  5  ;
4 0  ±  5
3 5  ±  5
| 4 0 +
3 2  +  3  
8 ±  2
8 ±  2
9  ±  2
T R A I L I N G  EDGE 
PARAMETER
8 9 0  ±  4 0
7 0 0  ±  1 0 0  
5 7 0 0  ±  5 0 0
4*4"
8 5 0
4 0 0 + +
7 0 0 0 + +
4 6 0  ±  3 0  4 0 0  + +
4 0 0  ±  4 0  2 4 0 +  
2200 ±  200 7 0 0 +
I -  1 I 
m a x  ~  m a x  6
F A S T  COMPONENT  
SLOW COMPONENT
T A B L E  7 . 1  C o m p a r i s o n  o f  P u l s e  S h a p e  P a r a m e t e r s  f o r  Gamma R a y s
a n d  A l p h a  P a r t i c l e s  i n  C s I ( T l ) .  I m a x  i s  t h e  p o i n t  o f  
h i g h e s t  l i g h t  e m i s s i o n .

MUSHY (CIS /  CHANNEL)
HUE [NANOSECONDS)
F I G .  7  5, L e a d i n g  e d g e  o f  C s l ( l l )  scintillations.
+  F i g u r e s  f r o m  GRA SSMAN e t  a l .  ( 1 9 8 5 )
F i g u r e s  f r o m  B I R K S  ( 1 9 6 4 )
T h e  f i g u r e s  q u o t e d  f o r  f a s t  a n d  s l o w  c o m p o n e n t s  w e r e  d e r i v e d  a s  
f o l l o w s : * *
a )  D a t a  w a s  p l o t t e d  o n  l o g - l i n e a r  g r a p h  p a p e r  ( s e e  F i g u r e  7 . 4 ) .
b )  A s t r a i g h t  l i n e  w a s  f i t t e d  b y  e y e  t o  t h e  t a i l  o f  t h e  p u l s e ,  t h e
g r a d i e n t  o f  w h i c h  w a s  t a k e n  a s  t h e  s l o w  c o m p o n e n t .
c )  T h i s  l i n e  w a s  e x t r a p o l a t e d  t o  s h o r t  d e l a y  t i m e s  a n d  t h e  v a l u e s
a l o n g  i t  s u b t r a c t e d  f r o m  t h e  r e m a i n d e r  o f  t h e  d a t a  p o i n t s .
d )  A  s e c o n d  s t r a i g h t  l i n e  w a s  f i t t e d  t o  t h e  m o d i f i e d  d a t a  p o i n t s ,  a n d
i t s  g r a d i e n t  w a s  t a k e n  a s  t h e  f a s t  c o m p o n e n t .
T h e  r e s u l t s  o b t a i n e d  w i t h  t h i s  m e t h o d  a r e  n o t  i n  v e r y  g o o d  a g r e e m e n t  
w i t h  t h e  p r e v i o u s l y  r e p o r t e d  d a t a .  I t  s h o u l d  b e  n o t e d ,  h o w e v e r ,  t h a t  w h e n  
t h e  s a m e  e x p e r i m e n t  w a s  r e p e a t e d  s e v e r a l  t i m e s ,  a n d  t h e  d a t a  p l o t t e d  o v e r
t i m e  r a n g e s  b e t w e e n  4  p s  a n d  2 0  p s ,  i t  w a s  p o s s i b l e  t o  d e r i v e  v a l u e s  f o r
t h e  f a s t  a n d  s l o w  c o m p o n e n t s  w h i c h  v a r i e d  f r o m  t h e  v a l u e s  g i v e n  b y  u p  t o  a  
f a c t o r  o f  2 .  T h i s  s u g g e s t s  t h a t  t h e r e  a r e  m a n y  d i f f e r e n t  c o m p o n e n t s ,  a n d  
t h e  d a t a  o f  t h e  a f t e r g l o w  e x p e r i m e n t  t e n d s  t o  c o n f i r m  t h i s .  T h e  d a t a  
s h o w n  w a s  a l s o  a n a l y s e d  w i t h  a  n o n - l i n e a r  l e a s t  s q u a r e s  f i t t i n g  p r o g r a m  
( N AG'  r o u t i n e  E 0 4 F D F ) ,  a n d  t h i s  f a i l e d  t o  f i n d  a n  a c c e p t a b l e  f i t  f o r  e i t h e r  
a  t w o  o r  t h r e e  c o m p o n e n t  d e c a y .  T h e  p r o g r a m m e  w a s  c h e c k e d  w i t h  a  s e t  o f  
d u mmy  d a t a  c o m p o s e d  o f  t h e  s u m  o f  t w o  d e c a y i n g  e x p o n e n t i a l s ,  w h i c h  w e r e  
s u c c e s s f u l l y  f i t t e d  b y  t h e  r o u t i n e .  T h i s  c o n f i r m s  t h a t  n o  s i m p l e  s e t  o f  
f u n c t i o n s  c a n  a d e q u a t e l y  d e s c r i b e  t h e s e  d a t a .
7 . 2 . 3  WAVELENGTH DEPENDENCE OF THE C s I ( T l )  PUL SE  S HAPE
T h i s  e x p e r i m e n t  w a s  d e s i g n e d  t o  t r y  a n d  s e t t l e  t h e  c o n t r o v e r s y  o v e r  
w a v e l e n g t h  d e p e n d e n c e  w h i c h  w a s  m e n t i o n e d  i n  S e c t i o n  5 . 3 . 1 .  A  S p e x
Black cloth 
light seal
F I G . 7.6 E x p e r i m e n t a l  A r r a n g e m e n t  f o r  I n v e s t i g a t i o n  
o f  W a v e l e n g t h  D e p e n d e n c e  o f  P u l s e  S h a p e s . 
N o t e  E l e c t r o n i c s  u s e d  w e r e  I d e n t i c a l  to
F I G .  7.3
d i f f r a c t i o n  g r a t i n g  s p e c t r o m e t e r  w a s  u s e d  t o  e x a m i n e  d i f f e r e n t  p o r t i o n s  o f  
t h e  s p e c t r u m ,  r a t h e r  t h a n  u s i n g  t h e  c o l o u r  f i l t e r s  e m p l o y e d  b y  p r e v i o u s  
r e s e a r c h e r s .
7 . 3 . 1  E X P E R I M E N T A L  ARRANGEMENT
T h e  e x p e r i m e n t a l  c o n f i g u r a t i o n  w a s  a s  s h o w n  i n  F i g u r e  7 . 6 .  T h e  
e l e c t r o n i c s  u s e d  w a s  i d e n t i c a l  t o  t h a t  i n  F i g u r e  7 . 3 ,  a n d  t h e  t w o  p h o t o ­
m u l t i p l i e r s  w e r e  p e r f o r m i n g  t h e  s a m e  f u n c t i o n s  a s  d e s c r i b e d  i n  S e c t i o n  7 . 2 .  
W i t h  m a t c h e d  1 0  pm e n t r y  a n d  e x i t  s l i t s ,  t h e  s p e c t r o s c o p i c  r e s o l u t i o n  o f  
t h e  S P E X  m o n o c h r o m a t o r  w a s  m e a s u r e d  a t  1 . 2  nm FWHM f o r  t h e  Hg 4 3 5 . 8  nm 
l i n e .  W h e n  t h i s  a r r a n g e m e n t  w a s  t e s t e d  w i t h  t h e  s c i n t i l l a t o r ,  n o  s i g n a l  
p u l s e s  w e r e  o b s e r v e d  a b o v e  t h e  r a n d o m  c o i n c i d e n c e  c o n t i n u u m .  T h e  t e f l o n  
t a p e  w a s  r e m o v e d  f r o m  t h e  e n d  o f  t h e  c r y s t a l ,  t h e  e n t r y  s l i t  w a s  s e t  t o  20 
mm x  3  mm,  a n d  t h e  e x i t  s l i t  r e m o v e d  c o m p l e t e l y .  T h i s  d e t e r i o r a t e d  t h e  
r e s o l u t i o n  t o  4 0  nm FWHM, b u t  t h i s  w a s  j u d g e d  s t i l l  s u f f i c i e n t  t o  o b s e r v e  
v a r i a t i o n s  i n  t h e  p u l s e  s h a p e  a s  a  f u n c t i o n  o f  w a v e l e n g t h .
7 . 3 . 2  R E S U L T S
D a t a  w a s  a c q u i r e d  f o r  b o t h  g a mm a a n d  a l p h a  s t i m u l a t i o n  o f  t h e
c r y s t a l ,  a s  i n  S e c t i o n  7 . 2 .  T h e  w a v e l e n g t h  r a n g e  b e t w e e n  4 5 0  nm a n d  5 8 0  nm
p r o v i d e d  a  d i s c e r n i b l e  p u l s e  s h a p e  a b o v e  t h e  c o n t i n u u m .  A t  5 8 0  nm t h e
r a t i o  o f  t h e  n u m b e r  o f  e v e n t s  a t  I  v  t o  t h e  c o n t i n u u m  l e v e l  w a s  a b o u t  2 : 1 .
m a x
T h e  e x p o n e n t i a l  d e c a y  t i m e  o f  t h e  w h o l e  p u l s e  w a s  r e c o r d e d ,  r a t h e r  t h a n  
t r y i n g  t o  e x t r a c t  f a s t  a n d  s l o w  c o m p o n e n t s .  T h e  r e s u l t s  a r e  p r e s e n t e d  i n  
T a b l e  7 . 2
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( n m ) GAMMA I ND U C E D  T I M E  ( n s ) A L P H A  I ND U CE D T I M E  ( n s )
4 0 0 9 0 0  ±  1 0 0 4 5 0  ±  5 0
4 5 0 9 0 0  ±  5 0 5 8 0  ±  5 0
5 0 0 8 5 0  ±  5 0 4 5 0  ±  5 0
5 5 0 1000 ±  200 4 6 0  ±  5 0
5 8 0 9 0 0  ±  2 0 0 5 0 0  ±  1 0 0
T A B L E  7 . 2  M e a s u r e d  D e p e n d e n c e  o f  L i g h t  E m i s s i o n  D e c a y  T i m e  w i t h  W a v e l e n g t h
T h e  r e s u l t s  o b t a i n e d  s h o w e d  n o  e v i d e n c e  o f  d e p e n d e n c e  o f  t h e  p u l s e  
s h a p e  o n  w a v e l e n g t h ,  a l t h o u g h  o n l y  j u s t  o v e r  o n e  h a l f  o f  t h e  C s I ( T l )  
s p e c t r u m  c o u l d  b e  e x a m i n e d ,  d u e  t o  t h e  l i m i t a t i o n s  i m p o s e d  b y  t h e  l o w  
q u a n t u m  e f f i c i e n c y  o f  t h e  p h o t o m u l t i p l i e r  a t  l o n g e r  w a v e l e n g t h s .  O n e  
p o s s i b l e  w a y  o f  o v e r c o m i n g  t h i s  w o u l d  b e  t o  u s e  a  s i n g l e  p h o t o n  c o u n t i n g  
a v a l a n c h e  p h o t o d i o d e  i n  p l a c e  o f  t h e  EMI 9 8 9 3 / 5 0 .
CHAPTER 8
I h a v e  t r i e d  t o  i d e n t i f y  i n  t h i s  s h o r t  c h a p t e r  t h o s e  a r e a s  w h e r e  I 
f e e l  t h a t  p r o g r e s s  i s  l i k e l y  t o  b e  m a d e  i n  t h e  n e a r  f u t u r e .  A n y  e x t e n s i o n s  
o f  t h i s  r e s e a r c h  m a y  b e  a l o n g  t h e  l i n e s  m e n t i o n e d  b e l o w ,  o r  f o l l o w i n g  s o m e  
o f  t h e  s u g g e s t e d  a p p l i c a t i o n s  i n  t h e  r e s t  o f  t h e  t e x t .  T h e  m a i n  
a c h i e v e m e n t s  o f  t h i s  r e s e a r c h  a r e .  a l s o  s u m m a r i s e d  w i t h  a p p r o p r i a t e  c o m m e n t s .
8*1 SCINTILLATOR DEVELOPMENT
T h e r e  h a v e  b e e n  n o  r e p o r t s  o f  n e w ,  h i g h  l i g h t  o u t p u t  s c i n t i l l a t o r s  f o r  
m a n y  y e a r s .  T h e  p o s s i b i l i t y  o f  f i n d i n g  a  r e d  e m i t t i n g  s u b s t a n c e  w i t h  
c h a r a c t e r i s t i c s  s u p e r i o r  t o  C s I ( T l )  t h e r e f o r e  a p p e a r s  r e m o t e .  O r g a n i c  
s c i n t i l l a t o r s  a r e  s i m i l a r l y  u n l i k e l y  t o  p r o d u c e  a  h i g h e r  l i g h t  y i e l d  t h a n  
C s I ( T l )  i n  t h e  f u t u r e ,  a l t h o u g h  t h e y  m a y  b e  s u i t a b l e  f o r  u n d e m a n d i n g  
a p p l i c a t i o n s  w i t h  p h o t o d i o d e s .
8 . 2  D I O D E  DEVELOPMENT
F u r t h e r  i m p r o v e m e n t s  i n  m a n u f a c t u r i n g  p r o c e s s e s ,  p o s s i b l y  i n c o r p ­
o r a t i n g  p u r e r  g r a d e s  o f  s i l i c o n  a r e  l i k e l y  t o  c o n t i n u e  t o  i m p r o v e  
d i o d e  n o i s e  c h a r a c t e r i s t i c s  i n  t h e  f u t u r e .  I n  p a r t i c u l a r ,  t h e  c o s t  o f  
a v a l a n c h e  p h o t o d i o d e s  m a y  b e  r e d u c e d  s u f f i c i e n t l y  t o  e n a b l e  t h e i r  
w i d e s p r e a d  u s e .  T h e y  h a v e  a l r e a d y  f o u n d  a p p l i c a t i o n s  i n  p o s i t r o n  e m i s s i o n  
t o m o g r a p h y ,  a s  d e s c r i b e d  i n  C h a p t e r  3 ,  a n d  i t  c a n  b e  e x p e c t e d  t h a t  t h e y  
w i l l  r e p l a c e  p h o t o m u l t i p l i e r s  i n  m a n y  a r e a s  b o t h  i n s i d e  a n d  o u t s i d e  t h e  
f i e l d  o f  r a d i a t i o n  d e t e c t i o n .
SUMMARY AND SUGGESTIONS FOR FURTHER WORK
- 101 -
T h e  e f f e c t  o f  i m p r o v e d  t e c h n i q u e s  w i l l  h a v e  l i m i t e d  i m p a c t  o n  t h e  
p e r f o r m a n c e  o f  t h e  p - i - n  d i o d e s  u s e d  h e r e ,  a s  c a p a c i t a n c e  i s  d e p e n d e n t  u p o n  
d e v i c e  d i m e n s i o n s ,  a n d  l e a k a g e  c u r r e n t  i s  n o w  o n l y  a  s e c o n d a r y  s o u r c e  o f  
n o i s e  a t  r o o m  t e m p e r a t u r e .  I f  t h e  p u r i t y  o f  c o m m e r c i a l l y  a v a i l a b l e  s i l i c o n  
w e r e  t o  i n c r e a s e  g r e a t l y ,  t h e n  t h e  d i o d e  c a p a c i t a n c e  m i g h t  b e  r e d u c e d  b y  
i n c r e a s i n g  i t s  t h i c k n e s s ,  w i t h o u t  a  l a r g e  i n c r e a s e  i n  l e a k a g e .  A l t e r n a t i v e  
d i o d e  d e s i g n s ,  s u c h  a s  t h o s e  o p e r a t i n g  o n  t h e  d r i f t  p r i n c i p l e  a r e  f e a s i b l e  
w i t h  c u r r e n t l y  a v a i l a b l e  g r a d e s  o f  s i l i c o n .  T h i s  t y p e  o f  d i o d e  i s  
d i s c u s s e d  b y  G A T T I  a n d  REHAK ( 1 9 8 4 ) ,  a n d  b y  KEMMER ( 1 9 8 7 ) .  B r i e f l y ,  t h e  
d r i f t  p r i n c i p l e  i n v o l v e s  d e p l e t i o n  o f  t h e  d i o d e  f r o m  b o t h  f a c e s ,  s o  t h a t  
t h e  c a p a c i t a n c e  o f  a  1 0  x  1 0  ( m m)  d i o d e  i s  r e d u c e d  t o  a b o u t  4  p F ,  w i t h  a  
c o n s e q u e n t  i m p r o v e m e n t  i n  n o i s e  c h a r a c t e r i s t i c s .  T h e  s i g n a l  c h a r g e  i s  
c o l l e c t e d  b y  t h e  i m p o s i t i o n  o f  a  l i n e a r  f i e l d  i n  a  d i r e c t i o n  p e r p e n d i c u l a r  
t o  t h e  d e p l e t i o n  f i e l d ,  w h i c h  c a u s e s  t h e  c a r r i e r s  t o  d r i f t  i n  t h a t  
d i r e c t i o n .  T h e y  a r e  t h e n  c o l l e c t e d  a t  a  p o i n t  c o n t a c t .  A  d e v i c e  o f  t h i s  
t y p e  w o u l d  e f f e c t i v e l y  e l i m i n a t e  t h e  c a p a c i t a n c e  a s  a  m a j o r  c o n t r i b u t i o n  t o  
t h e  n o i s e ,  l e a v i n g  o n l y  t h e  l e a k a g e  c u r r e n t  ( e s t i m a t e d  a t  a b o u t  3  n A  f o r  a  
1 0  x  1 0  ( m m)  d e v i c e  o f  t h i s  d e s i g n )  a s  a  s i g n i f i c a n t  n o i s e  s o u r c e .  I n  s u c h  
a  s i t u a t i o n ,  t h e r e  w o u l d  b e  a  c a s e  f o r  r e n e w e d  i n t e r e s t  i n  t h e r m o e l e c t r i c  
d i o d e  c o o l i n g .
R e p o r t s  o f  f u r t h e r  d e v e l o p m e n t  i n  t h i s  a r e a  a r e  a w a i t e d  w i t h  g r e a t  
i n t e r e s t .
8 . 3  OTHER S EM I C O ND U C T O R  M A T E R I A L S
S e m i c o n d u c t o r  m a t e r i a l s  o t h e r  t h a n  s i l i c o n  m i g h t  b e  c o n s i d e r e d  a s  
s c i n t i l l a t i o n  l i g h t  s e n s o r s  f o r  t h e  f u t u r e .  M o s t  ( s u c h  a s  G e ,  G a A s ,  G a P ,  
I n S b ,  C d T e ,  e t c . )  s e e m  t o  b e  i n f e r i o r  t o  s i l i c o n  i n  t h i s  a p p l i c a t i o n  d u e  t o  
l o w e r  q u a n t u m  e f f i c i e n c y  a n d  p o o r e r  n o i s e  c h a r a c t e r i s t i c s .  T h e y  m a y  b e
m o r e  s u i t a b l e  a s  d i r e c t  d e t e c t i o n  m e d i a  f o r  i o n i s i n g  r a d i a t i o n ,  a n d  t h e i r  
h i g h e r  d e n s i t i e s  w o u l d  c e r t a i n l y  g i v e  t h e m  s u p e r i o r  d e t e c t i o n  e f f i c i e n c y  
f o r  g a m m a  r a y s .  T h e s e  m a t e r i a l s  a r e  d e s c r i b e d  i n  m o r e  d e t a i l  b y  C U Z I N  
( 1 9 8 7 ) .  O n e  o f  t h e s e  m a t e r i a l s ,  H g l 2 ( w h i c h  i s  b e t t e r  k n o w n  a s  a d i r e c t  
d e t e c t i o n  m e d i u m )  h a s  b e e n  s u c c e s s f u l l y  u s e d  a s  a  s c i n t i l l a t i o n  d e t e c t o r  b y  
DAHLBOM ( 1 9 8 5 )  w i t h  GSO ( g a d o l i n i u m  o r t h o s i l i c a t e ) ,  a n d  I W A N C Z Y K  ( 1 9 8 7 )  
w i t h  N a l ( T l )  a n d  C s I ( T l ) .  T h e  r e s u l t s  r e p o r t e d  b y  I W A N C Z Y K  w i t h  C s I ( T l )  
a r e  o f  c o m p a r a b l e  q u a l i t y  t o  t h o s e  p r e s e n t e d  h e r e .  T h e  m a j o r  d r a w b a c k  w i t h  
H g l ^  i s  t h e  e x t r e m e l y  l i m i t e d  a v a i l a b i l i t y  a t  p r e s e n t ,  a l t h o u g h  r e s e a r c h  i s  
c u r r e n t l y  u n d e r w a y  i n  t h e  U S A ,  I s r a e l ,  a n d  t h e  U n i v e r s i t y  o f  S u r r e y  t o  t r y  
a n d  i m p r o v e  t h i s  s i t u a t i o n .
8 . 4  E L E C T R O N I C S
T h e  f u n d a m e n t a l  c i r c u i t  d e s i g n  o f  c h a r g e  s e n s i t i v e  p r e a m p l i f i e r s  h a s  
n o t  c h a n g e d  d r a m a t i c a l l y  o v e r  t h e  p a s t  f i f t e e n  y e a r s ,  a n d  n e i t h e r  h a s  t h e i r  
p e r f o r m a n c e .  T h e  m o s t  p r o m i s i n g  a s p e c t s  o f  f u r t h e r  d e v e l o p m e n t  i n  t h i s  
a r e a  a r e  i n  s i z e  a n d  c o s t .  S o m e  o f  t h e  m o s t  r e c e n t  s u r f a c e  m o u n t  
p r e a m p l i f i e r  d e s i g n s  h a v e  b e e n  u s e d  i n  t h i s  w o r k ,  a n d  t h e r e  a r e  y e t  s m a l l e r  
o n e s  a v a i l a b l e  f r o m  A m p t e k  ( a l t h o u g h  t h e y  h a v e  i n f e r i o r  n o i s e  
c h a r a c t e r i s t i c s ) ,  w h o  a l s o  m a n u f a c t u r e  s h a p i n g  a m p l i f i e r s  o f  s i m i l a r  s i z e .  
T h i s  w o u l d  p r o v i d e  t h e  p o s s i b i l i t y  o f  a  c o m p l e t e  s c i n t i l l a t i o n  d e t e c t o r  
c h a n n e l  i n c o r p o r a t i n g  d i o d e ,  c r y s t a l ,  a n d  a l l  e l e c t r o n i c s  i n  a  p a c k a g e  t h e  
s i z e  o f  a  l a r g e  m a t c h b o x  w h i c h  w o u l d  r e q u i r e  a  s i n g l e  1 2  V b a t t e r y  p o w e r  
s u p p l y .
8 . 5  SUMMARY AND CONCLUSIONS
E x i s t i n g  t h e o r e t i c a l  w o r k  o n  t h e  s u b j e c t s  o f  e l e c t r o n i c  n o i s e  i n  
s e m i c o n d u c t o r  d e t e c t o r  s y s t e m s ,  a n d  l i g h t  c o l l e c t i o n  f r o m  s c i n t i l l a t o r s  w a s  
r e v i e w e d  a n d  s u c c e s s f u l l y  a p p l i e d  t o  t h e  e x p e r i m e n t a l  p r o c e d u r e s  a n d  
a n a l y s i s  o f  r e s u l t s  e n a b l i n g  i n f o r m e d  c h o i c e s  o f  s u i t a b l e  e l e c t r o n i c s ,  
d i o d e s ,  a n d  s c i n t i l l a t o r s  t o  b e  m a d e .  T h e  a c t u a l  o p e r a t i o n  o f  p h o t o d i o d e s  
w a s  d e a l t  w i t h  i n  s o m e  d e p t h  i n  c h a p t e r  3 ,  s i n c e  t h e  d i o d e s  t h e m s e l v e s  
r e p r e s e n t e d  t h e  m o s t  n o v e l  a s p e c t  o f  t h i s  w o r k .  T h e  t h e o r y  a n d  o p e r a t i o n  
o f  t h e  p h o t o m u l t i p l i e r  w a s  n o t  d e s c r i b e d  i n  d e t a i l ,  a s  i t s  u s e  i n  
s c i n t i l l a t i o n  c o u n t i n g  h a s  b e e n  a l m o s t  u n i v e r s a l .  S t a n d a r d  t r e a t m e n t s  c a n  
b e  f o u n d  i n  g e n e r a l  t e x t s  s u c h  a s  KNOLL ( 1 9 7 9 ) .
T h e  u s e  o f  p h o t o d i o d e s  a s  d i r e c t  s e m i c o n d u c t o r  d e t e c t o r s  f o r  i o n i s i n g  
r a d i a t i o n  i n  c h a p t e r  4  a d d e d  a n  u n e x p e c t e d  a s p e c t  t o  t h e  p r o j e c t ,  a s  t h e  
f i r s t  e x p e r i m e n t s  w i t h  a l p h a  p a r t i c l e s  y i e l d e d  s u c h  e n c o u r a g i n g  r e s u l t s .  
T h i s  t r i g g e r e d  a  f u l l  i n v e s t i g a t i o n  i n t o  t h e  p r o p e r t i e s  o f  p h o t o d i o d e s  f o r  
d e t e c t i o n  o f  a  w i d e  r a n g e  o f  i o n i s i n g  r a d i a t i o n s .  E n e r g y  r e s o l u t i o n s  o f
1 4 . 2  k e V  FWHM f o r  2 4 1 Am a l p h a  p a r t i c l e s ,  1 0  k e V  FWHM f o r  1 3 7 C s  c o n v e r s i o n  
e l e c t r o n s ,  a n d  a b o u t  3 . 7  k e V  FWHM f o r  a  v a r i e t y  o f  g a m m a r r a y  a n d  X - r a y  
e n e r g i e s  w e r e  r e c o r d e d  u s i n g  t h e  H a m a m a t s u  S 1 7 9 0  d i o d e .  T h i s  d e v i c e  w a s  
a l s o  f o u n d  t o  b e  a n  a d e q u a t e  d e t e c t o r  f o r  h i g h C j j  i o n i s i n g  c h a r g e d  
p a r t i c l e s  ( f i s s i o n  f r a g m e n t s ) .  A  r e s e a r c h  p a p e r  b a s e d  o n  t h e s e  f i n d i n g s  
w a s  p u b l i s h e d ,  a n d  c a n  b e  f o u n d  i n  A p p e n d i x  B .  T h e  e x p e r t i s e  g a i n e d  d u r i n g  
t h i s  w o r k  w a s  u s e d  i n  a n  i n t e r n a t i o n a l  c o l l a b o r a t i o n  o n  a  m e d i c a l  p h y s i c s  
p r o j e c t ,  a n d  p r o v i d e d  a  u s e f u l  s o u r c e  o f  s h o r t  e x p e r i m e n t a l  p r o j e c t s  a t  t h e  
U n i v e r s i t y  o f  S u r r e y  i n v o l v i n g  h i g h  r e s o l u t i o n  a l p h a  s p e c t r o s c o p y .  A  b r i e f  
a p p l i c a t i o n  o f  t h e r m o e l e c t r i c  c o o l i n g  t o  p h o t o d i o d e s  w a s  a l s o  p e r f o r m e d ,  
a n d  a l t h o u g h  t h e r e  w a s  n o  o b s e r v e d  i m p r o v e m e n t  i n  n o i s e  c h a r a c t e r i s t i c s ,  i t  
i s  p o s s i b l e  t h a t  t h i s  m e t h o d  m i g h t  b e  s u c c e s s f u l l y  a p p l i e d  t o  s o m e  d i o d e
-  1 0 4  -
t y p e s  i n  a  f u t u r e  p r o j e c t .  I n  a d d i t i o n  t o  a l l  t h i s ,  t h e  i n v e s t i g a t i o n  
p r o v i d e d  m o r e  t h a n  a d e q u a t e  b a c k g r o u n d  e x p e r i e n c e  f o r  t h e  e v e n t u a l  u s e  o f  
p h o t o d i o d e s  t o  d e t e c t  s c i n t i l l a t i o n  e v e n t s .
T h e  c o n s i d e r a t i o n s  o f  s p e c t r a l  m a t c h i n g  p h o t o d i o d e s  a n d  s c i n t i l l a t o r s  
i n  c h a p t e r  5  l e d  t o  t h e  c h o i c e  o f  C s I ( T l ) f o r  u s e  i n  t h e  p r i n c i p a l  p a r t  o f  
t h i s  p r o j e c t .  S A K A I  ( 1 9 8 7 )  h a s  r e c e n t l y  p u b l i s h e d  t h e  r e s u l t s  o f  a  s e r i e s  
o f  t e s t s  u s i n g  d i f f e r e n t  s c i n t i l l a t o r s  w i t h  S 1 7 9 0  p h o t o d i o d e s ,  a n d  t h i s  
w o r k  c l e a r l y  v i n d i c a t e d  t h e  c h o i c e  o f  C s I ( T l ) ,  w h i c h  p r o d u c e d  t h e  l a r g e s t  
p u l s e  h e i g h t s  o b s e r v e d .  S o m e  o t h e r  s c i n t i l l a t o r s  ( n o t a b l y  BGO a n d  B a F 2 ) 
p o s s e s s  p u l s e  s h a p e  c h a r a c t e r i s t i c s  w h i c h  a r e  d e s i r a b l e  f o r  f a s t  t i m i n g  
a p p l i c a t i o n s  s u c h  a s  p o s i t r o n  e m i s s i o n  t o m o g r a p h y .  N o n e  o f  t h e s e  h a s  s o  
f a r  b e e n  s h o w n  t o  h a v e  a  u s e f u l  p e r f o r m a n c e  w i t h  p h o t o d i o d e s  a t  r o o m  
t e m p e r a t u r e ,  b u t  a v a l a n c h e  p h o t o d i o d e s  m a y  p r o v i d e  a  v i a b l e  a l t e r n a t i v e .  
T h e s e  w e r e  n o t  u s e d  i n  t h i s  r e s e a r c h  d u e  t o  t h e  v e r y  h i g h  c o s t .
C s I ( T l ) p o s s e s s e s  s o m e  i n t e r e s t i n g  p u l s e  s h a p e  c h a r a c t e r i s t i c s  o f  i t s  
o w n .  T h e s e  w e r e  i n v e s t i g a t e d  a n d  a r e  r e p o r t e d  i n  C h a p t e r  7 .  A  s i n g l e  
p h o t o n  c o u n t i n g  c h a i n  w a s  u s e d  i n  t w o  d i f f e r e n t  w a y s  t o  e x a m i n e  t h e s e  
p r o p e r t i e s ;  i n i t i a l l y  t o  r e c o r d  t h e  p r o l o n g e d  e m i s s i o n  o f  l o w  i n t e n s i t y  
l i g h t  a f t e r  t h e  c e s s a t i o n  o f  s t i m u l a t i o n ’ ( a f t e r g l o w ) ,  a n d  s e c o n d l y  t o  
p r o v i d e  i n f o r m a t i o n  a b o u t  t h e  s c i n t i l l a t i o n  p u l s e  s h a p e  f o r  d i f f e r e n t  
r a d i a t i o n s  a s  a  f u n c t i o n  o f  w a v e l e n g t h .  A f t e r g l o w  d e c a y  t i m e  c o n s t a n t s  o f  
t h e  o r d e r  o f  s e v e r a l  h o u r s  w e r e  o b s e r v e d  i n  t h e  f i r s t  e x p e r i m e n t ,  w h i c h  i s  
c o m p a r a b l e  t o  p u b l i s h e d  v a l u e s .  T h e  d i f f e r e n t  p u l s e  s h a p e s  c a u s e d  b y  a l p h a  
a n d  g a m m a  e x c i t a t i o n  i n  C s I ( T l )  w e r e  r e c o r d e d .  S e v e r a l  d i f f e r e n t  
p a r a m e t e r s  w e r e  u s e d  t o  d e s c r i b e  t h e  p u l s e  s h a p e s ,  b u t  i t  w a s  f o u n d  t o  b e  
i m p o s s i b l e  t o  d e d u c e  d e c a y  t i m e s  o f  d i s c r e t e  c o m p o n e n t s  i n  t h e  p u l s e s ,  a n d  
t h i s  w a s  t h o u g h t  t o  b e  d u e  t o  t h e  v e r y  l a r g e  n u m b e r  o f  c o m p o n e n t s  p r e s e n t .  
T h e  o v e r a l l  d e c a y  t i m e  o f  t h e  p u l s e  w a s  m e a s u r e d  a t  8 9 0  n s  f o r  g a mm a a n d  
4 6 0  n s  f o r  a l p h a s .
-  10 5  -
T h e  c o n t r o v e r s i a l  i s s u e  o f  w a v e l e n g t h  d e p e n d e n c e  o f  t h e  
p u l s e  s h a p e  w a s  e x a m i n e d  b y  t h e  i n c o r p o r a t i o n  o f  a  d i f f r a c t i o n  g r a t i n g  
s p e c t r o m e t e r  i n  t h e  B o l l i n g e r - T h o m a s  e x p e r i m e n t a l  a r r a n g e m e n t .  No  
s i g n i f i c a n t  d e v i a t i o n  i n  t h e  d e c a y  t i m e s  f r o m  t h e  f i g u r e s  m e n t i o n e d  a b o v e  
w a s  o b s e r v e d ,  a l t h o u g h  i t  w a s  n o t e d  t h a t  o n l y  a b o u t  o n e  h a l f  o f  t h e  
e m i s s i o n  s p e c t r u m  c o u l d  b e  i n v e s t i g a t e d  d u e  t o  q u a n t u m  e f f i c i e n c y  
l i m i t a t i o n s .  A v a l a n c h e  p h o t o d i o d e s  w e r e  p r o p o s e d  a s  a  m e a n s  o f  o v e r c o m i n g  
t h i s  e f f e c t .
C h a p t e r  6 p r e s e n t s  t h e  m o s t  s i g n i f i c a n t  r e s u l t s  o f  t h i s  p r o j e c t ,  w h i c h  
w e r e  i n  a p p l i c a t i o n  o f  c o m m e r c i a l  p h o t o d i o d e s  t o  s c i n t i l l a t i o n  c o u n t i n g .  
H a m a m a t s u  S 1 7 9 0  p h o t o d i o d e s  w e r e  a g a i n  u s e d  i n  m o s t  o f  t h e  w o r k .  
O p t i m i s a t i o n  o f  l i g h t  c o l l e c t i o n  i n v o l v e d  t h e  u s e  o f  a  v a r i e t y  o f  
r e f l e c t i v e  m e d i a ,  a n d  MgO p o w d e r  w a s  f o u n d  t o  y i e l d  t h e  b e s t  r e s u l t s .
U s i n g  a  1 0  x  1 0  x  2 5  ( mm)  C s I ( T l )  c r y s t a l ,  a r e s i n  c o a t e d  d i o d e ,  a n d  a n
i n e x p e n s i v e  p r e a m p l i f i e r ,  i t  w a s  p o s s i b l e  t o  a t t a i n  a n  e n e r g y  r e s o l u t i o n  
c o m p a r a b l e  o r  s u p e r i o r  t o  c o n v e n t i o n a l  p h o t o m u l t i p l i e r - N a I ( T l ) s y s t e m s .  A n  
e n e r g y  r e s o l u t i o n  o f  6 . 8% FWHM w a s  a c h i e v e d  f o r  6 6 2  k e V  g a m m a  r a y s  w i t h  a
s h a p i n g  t i m e  o f  8 p s ,  a l t h o u g h  7 . 5 %  -  8 . 0 %  w a s  m o r e  c o m m o n  a t  s h o r t e r  t i m e
c o n s t a n t s .  T h i s  p e r f o r m a n c e  w a s  m a d e  p o s s i b l e  b y  t h e  v e r y  h i g h  q u a n t u m  
e f f i c i e n c y  o f  t h e  d i o d e ,  r e s u l t i n g  i n  a  s u p e r i o r  s t a t i s t i c a l  s p r e a d i n g  o f  
t h e  i n i t i a l  s i g n a l  c o m p a r e d  t o  a  p h o t o m u l t i p l i e r .  T h i s  a d v a n t a g e  w a s  
o f f s e t  a t  l o w  e n e r g i e s  d u e  t o  t h e  l o w  s i g n a l  t o  n o i s e  r a t i o ,  a s  t h e  
p h o t o d i o d e  i s  a  u n i t  g a i n  d e v i c e .  T h e  s c i n t i l l a t o r  i t s e l f  m a d e  a  
c o n s i d e r a b l e  c o n t r i b u t i o n  t o  t h e  p e a k  w i d t h s  o b s e r v e d ,  a n d  m i n i m i s a t i o n  o f  
t h i s  f a c t o r  c o u l d  p r o v i d e  t h e  b a s i s  o f  f u t u r e  s t u d y .  T h e  d e t e c t o r  a s s e m b l y  
d e v e l o p e d  i s  s o m e w h a t  l i m i t e d  i n  s o m e  r e s p e c t s  s i n c e  p - i - n  p h o t o d i o d e s  a r e  
o n l y  a v a i l a b l e  w i t h  s m a l l  s u r f a c e  a r e a s  ( ~ 1 0 0  mm2 ) c o m p a r e d  t o  
p h o t o m u l t i p l i e r s .  T h e r e  e x i s t s  t h e  p o s s i b i l i t y  t h a t  l i g h t  p i p i n g  c o u l d  b e  
u s e d  t o  e x t r a c t  t h e  l i g h t  f r o m  a  c r y s t a l  w i t h  d i m e n s i o n s  l a r g e r  t h a n  t h e
-  10 6  -
d i o d e ,  a n d  t h i s  r e q u i r e s  f u r t h e r  e x p e r i m e n t a t i o n .  T h e o r e t i c a l  
c o n s i d e r a t i o n s  o f  l i g h t  c o l l e c t i o n  a l l o w e d  a  m e a s u r e m e n t  o f  t h e  a b s o l u t e  
l i g h t  y i e l d  o f  C s I ( T l )  t o  b e  m a d e  b y  c o m p a r i s o n  o f  p u l s e  h e i g h t s  t o  d i r e c t  
d e t e c t i o n  e v e n t s  i n  t h e  d i o d e .  T h e  l i g h t  y i e l d  w a s  f o u n d  t o  b e  a b o u t  
6 3 , 8 0 0  p h o t o n s / M e V  m e a s u r e d  w i t h  a  4  p s  s h a p i n g  t i m e ,  a n d  a b o u t  7 2 , 0 0 0  
p h o t o n s / M e V  w i t h  a  8 p s  s h a p i n g  t i m e .  T h e s e  m e a s u r e m e n t s  r e v e a l  t h a t  
C s I ( T l )  i s  a c t u a l l y  a  m o r e  e f f i c i e n t  s c i n t i l l a t o r  t h a n  N a l ( T l )  ( 4 5 , 0 0 0  
p h o t o n s / M e V ) .  T h i s  l i g h t  y i e l d  ( u s i n g  t h e  4  p s  f i g u r e )  c o r r e s p o n d s  t o  a 
s c i n t i l l a t i o n  e f f i c i e n c y  o f  1 4 % ,  a s s u m i n g  2 . 2  e V  p e r  p h o t o n .  T h e  r e s p o n s e  
o f  t h e  a s s e m b l y  t o  g a m m a  r a y s  a t  5 9 . 6  k e V  a n d  1 2 2  k e V  w a s  e n h a n c e d  b y  u s e  
o f  a 10 x  10 x  2 ( m m)  c r y s t a l ,  w h i c h  i m p r o v e d  l i g h t  c o l l e c t i o n  e f f i c i e n c y .  
R e s o l u t i o n  o f  5 9 . 6  k e V  e v e n t s  a b o v e  t h e  n o i s e  w i t h  a p h o t o d i o d e  a n d  
s c i n t i l l a t o r  h a s  n o t  y e t  b e e n  r e p o r t e d  i n  a n y  o t h e r  l i t e r a t u r e .
T h e  d e t e c t o r  a s s e m b l y  w a s  s u c c e s s f u l l y  a p p l i e d  t o  g a m m a  r a y  
t r a n s m i s s i o n  t o m o g r a p h y  a t  6 6 2  k e V .  T h e  u n i q u e  c h a r a c t e r i s t i c s  o f  t h i s  * 
t y p e  o f  d e t e c t o r  a r e  e s p e c i a l l y  s u i t e d  t o  t h i s  t y p e  o f  a p p l i c a t i o n ,  w h e r e  
l o w  c o s t  p e r  d e t e c t i o n  c h a n n e l ,  l o n g  t e r m  s t a b i l i t y ,  s m a l l  p o w e r  s u p p l y  
r e q u i r e m e n t s ,  a n d  d e n s e  d e t e c t o r  p a c k i n g  a r e  a l l  h i g h l y  d e s i r a b l e  f e a t u r e s .
P h o t o v o l t a i c  r e s p o n s e  o f  t h e  s c i n t i l l a t i o n  d e t e c t o r  w a s  d e m o n s t r a t e d  
t o  b e  l i n e a r  o v e r  s e v e r a l  d e c a d e s  o f  g a m m a  d o s e  r a t e .  T h i s  a r e a  d e s e r v e s  
c l o s e r  e x a m i n a t i o n ,  a s  t h e r e  a r e  m a n y  p o t e n t i a l  a p p l i c a t i o n s  f o r  t h i s  t y p e  
o f  i n s t r u m e n t  i n  h e a l t h  p h y s i c s  a n d  r e m o t e  i n s t r u m e n t a t i o n .
T h e  t i m i n g  p r o p e r t i e s  o f  C s I ( T l )  w i t h  p h o t o d i o d e  r e a d o u t  w e r e  
m e a s u r e d ,  b u t  t h e  r e s u l t s  w e r e  r a t h e r  p o o r ,  a n d  f u r t h e r  e x p e r i m e n t a t i o n  
m i g h t  b e  a b l e  t o  i m p r o v e  o n  t h e s e .
T h e  p h o t o m u l t i p l i e r  h a s ,  f o r  s o m e  c o n s i d e r a b l e  t i m e ,  b e e n  o n e  o f  t h e
i
l a s t  r e f u g e s  o f  t h e  v a c u u m  t u b e  i n  m o d e r n  p h y s i c s  i n s t r u m e n t a t i o n .  T h e  
a d v e n t  o f  a d v a n c e d  s e m i c o n d u c t o r  t e c h n o l o g y  h a s  f i n a l l y  p r o v i d e d  a  v i a b l e
a l t e r n a t i v e  l i g h t  s e n s o r  f o r  s c i n t i l l a t i o n  d e t e c t o r s  i n  t h e  g u i s e  o f  t h e  
s i l i c o n  p h o t o d i o d e ,  w h i c h  i s  a l s o  a  u s e f u l  a n d  v e r s a t i l e  d e t e c t o r  o f  
i o n i s i n g  r a d i a t i o n .  I t  i s  p o s s i b l e  t o  f o r e s e e  t h e  s u b s t i t u t i o n  o f  
p h o t o d i o d e s  o r  a v a l a n c h e  p h o t o d i o d e s  f o r  p h o t o m u l t i p l i e r s  i n  a l m o s t  a l l  
c o n c e i v a b l e  a p p l i c a t i o n s .
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APPENDIX A
, H Y B R I D  P R E A M P L I F I E R  C O N N E C T I O N S
T h e  p u r p o s e  o f  t h i s  a p p e n d i x  i s  t o  p r o v i d e  f u r t h e r  i n f o r m a t i o n  o n  t h e  
h y b r i d  p r e a m p l i f i e r s  d e s c r i b e d  i n  t h i s  p r o j e c t .  F i g u r e s  A l ,  A 2  a n d  A 3  s h o w  
h o w  t h e  e l e c t r i c a l  c o n n e c t i o n s  s h o u l d  b e  m a d e  t o  t h e  M S H 2 C ,  P A C - L P ,  a n d  
HARWELL p r e a m p l i f i e r s .  W h e n  m o u n t e d  ( u s u a l l y  o n  a n  i n t e g r a t e d  c i r c u i t  
h o l d e r  w i t h  a s s o c i a t e d  c o m p o n e n t s  o n  b r e a d b o a r d  o r  s i m i l a r )  t h e  
p r e a m p l i f i e r  s h o u l d  b e  c o m p l e t e l y  s c r e e n e d  f r o m  e l e c t r i c a l  i n t e r f e r e n c e  b y  
e n c l o s u r e  i n  s o m e  f o r m  o f  c o n d u c t i n g  b o x .
Orientation : components face up
+V q 
Q
R l
Cp
1 0 0 0 P F 6
test
Diode
8
O  
+15 V
0  out
-€> out 
(inverted)
C = 10 p F approx.
F I G .  A 1 . C o n n e c t i o n s  f o r  M S H 2 C  P r e a m plifier.
Note that the preamplifier is AC coupled by 
internal components.
F I G .  A 2 . C o n n e c t i o n s  f o r  P A C  - L P  P r e a m p l i f i e r .
F I G . A 3 . C o n n e c t i o n s  f o r  H a r w e l l  D e s i g n  P r e a m p l i f i e r .
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